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“Effect of microstructure on corrosion resistance and anodising behaviour of AA 
2099-T8 aluminium alloy” 
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The effect of microstructure on corrosion resistance and anodising behaviour of a 3rd 
generation lithium-containing aluminium alloy, AA 2099-T8, has been studied. 
Microstructural characterisation of the alloy has shown elongated grains with 
high angle grain boundaries and approximately equiaxed subgrains with low angle 
grain boundaries. Two types of constituent particles of high and reduced contents of 
copper were found, which are present individually or in the form of multiphase 
particles. The alloy also contains rod-like Al-Cu-Mn-Li and spherical β ′ (Al3Zr) 
dispersoids, and fine age hardening precipitates of T1 (Al2CuLi), δ ′ (Al3Li) and 
θ ′ (Al2Cu). 
Immersion testing in a chloride-containing solution revealed two types of 
localised corrosion sites: one was initiated from intermetallics and quickly became 
passivated; the other lasted for the course of testing, with extensive boundary attack. 
The latter has been correlated to grains and subgrains with relatively high stored 
energy. 
Alkaline etching removed intermetallics from alloy surface; generated a 
copper-enriched layer in the alloy matrix immediately beneath the residual alumina 
film; and gradually developed a surface nanotexture. The surface nanotexture has 
been correlated to the formation of copper-rich nanoparticles within the 
copper-enriched layer. 
Anodising the alloy in tartaric-sulphuric acid disclosed that copper in the alloy 
matrix could be occluded in the anodic film material as copper-rich nanoparticles or 
be oxidized and incorporated into the film material as copper ions, depending on the 
anodising voltage. In the latter case, the process was accompanied by oxygen gas 
generation within the film material, forming anodic films with lateral porosity. 
Intermetallics of different compositions behaved differently during anodising, 
leading to modification of the morphology and composition of anodic films. 
Concerning the effect of alkaline etching on anodising behaviour of the alloy, the 
removal of intermetallics increased anodising efficiency; the pre-developed 
copper-enriched layer advanced the establishment of the steady-state film/alloy 
interface.  
Variation of copper-enriched layer structure is revealed by the detection of 
copper-rich nanoparticles in the copper-enriched layer. The copper-rich 
nanoparticles have structures consistent with either θ′′, θ′ or θ phases.  
Machining damage can be detected not only by chromic acid anodising (CAA) 
but also by tartaric-sulphuric acid anodising (TSAA). Neither CAA nor TSAA can 
be used for detecting shallow corrosion pits. 
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1. Introduction 
Increasing payload and fuel efficiency are drivers for the aerospace industry to keep 
seeking for lightweight materials for application in aircraft structures. 
Lithium-containing aluminium alloys are attractive since alloying aluminium with 
lithium lowers the densities of the obtained alloys and, at the same time, increases 
their elastic modulus. Therefore, alloys based on the Al-Li system possess high 
specific modulus and high specific strength, enabling significant weight savings in 
aircraft structures. Among the newly-developed lithium-containing aluminium alloys 
(3rd generation), AA 2099 aluminium alloy has superior physical and mechanical 
properties over traditional 2XXX and 7XXX series alloys, with a major shortcoming 
of previous generation alloys, i.e. mechanical anisotropy, being overcome. The AA 
2099 aluminium alloy is also known as AF/C 458 alloy, which was developed in 
1997 and received its designation from the Aluminium Association in 2004. 
 
Although extensive research work on Al-Li-Cu alloys has been undertaken over the 
past 20 years, study of the AA 2099 aluminium alloy has been started only recently. 
A comprehensive understanding of its microstructure and the behaviour of such 
microstructure under practical treatments is urgently waited by end users of the alloy, 
and this is the major motivation of the project.  
 
The goal of the work is to study the effect of microstructure on corrosion resistance 
and anodising behaviour of an AA 2099-T8 aluminium alloy extrusion that is being 
considered for application in aircraft structures. The thesis consists of nine parts. 
Following the introductory chapter, Chapter 2 gives background information and a 
review of relevant literatures. The experimental procedure employed in this work is 
described in Chapter 3. Chapters 4, 5, 6, 7 and 8 are dedicated to results and 
discussion. Finally, Chapter 9 summarises main conclusions that have been drawn 
from the results and suggestions for future work. Concerning the main bodies of the 
thesis, a brief introduction is given as follows. 
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Chapter 4 studies microstructure of AA 2099-T8 aluminium alloy using various 
electronoptical techniques, serving as a foundation for subsequent work. 
 
Since aluminium alloys are often susceptible to various localised corrosion, Chapter 
5 studies localised corrosion in AA 2099-T8 aluminium alloy. Two types of localised 
corrosion have been considered, namely discontinuous localised corrosion (where the 
attack quickly becomes passivated) and continuous localised corrosion (where the 
attack continues to propagate throughout the course of testing). Specifically, 
mechanically polished bulk alloy and ultrathin sections (nominal thickness 15 nm) 
were immersed in a 3.5 wt. % NaCl solution and deionised water respectively to 
initiate localised corrosion in the alloy. The tested specimens were characterised by 
optical microscopy (OM), scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). 
 
Considering that aluminium alloys are often pre-treated by alkaline etching prior to 
anodising, Chapter 6 studies the effect of alkaline etching on surface morphology and 
near-surface composition of AA 2099-T8 aluminium alloy. Surfaces and cross 
sections of etched alloy were examined using both scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM).  
 
Chapter 7 is aimed at understanding the anodising behaviour of AA 2099-T8 
aluminium alloy in tartaric-sulphuric acid, which is a low cost and 
environmentally-friendly anodising electrolyte and has been selected in Europe to 
replace the traditionally used chromic acid. Additionally, barrier-type anodic film 
growth on the alloy in ammonium pentaborate was studied to gain further insight into 
the co-oxidation of aluminium and copper and the related oxygen gas generation. 
The effect of alkaline etching on anodising behaviour of the alloy was investigated 
by comparing the electrochemical responses and the morphologies of anodic films 
associated with both mechanically polished and alkaline etched alloys. Several 
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anodising procedures were used in a complementary manner, with resultant anodic 
films being characterised using both scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). 
 
Chromic acid anodising (CAA) has been widely employed to detect surface flaws in 
aluminium alloys in the aerospace industry. However, substituting tartaric-sulphuric 
acid anodising (TSAA) for CAA challenges such practice due to the colourless 
nature of the tartaric-sulphuric acid (contrasting the brown yellow colour of the 
chromic acid). Therefore, Chapter 8, as an independent chapter, studies the functions 
of TSAA and CAA in detecting machining damage and corrosion pits in aluminium 
alloys in a comparative manner.  
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2. Literature Review  
This chapter gives background information of the work and a review of relevant 
literatures. 
2.1. Aluminium and aluminium alloys 
2.1.1. Aluminium 
Aluminium is the most abundant metal in the Earth's crust, and the third most 
abundant element therein, after oxygen and silicon. The discovery of metallic 
aluminium is attributed to Sir Humphrey Davy, who referred to it using the term 
“aluminium” in 1809 [1]. Aluminium is the second lightest metal which can be used 
for engineering structures when properly alloyed, only secondary to magnesium. Its 
density is 2700 kg/m3, which is almost three times less than that of steel. Aluminium 
has a face-centred cubic (f. c. c.) structure, with lattice parameter a=0.40496 nm. 
2.1.2. Aluminium alloys 
Pure aluminium has a low tensile strength and, therefore, has a very narrow field of 
application. By adding controlled amount of other metals into pure aluminium, a 
variety of aluminium alloys are generated. All aluminium products belong to one of 
eight alloy series, which are given in Table 2.1 [2]. 
 
Two main types of aluminium alloys, cast and wrought alloys, give semi-finished 
products. Cast alloys are used for cast parts. Wrought alloys are suitable for forming 
processes such as rolling and extrusion. Both types of alloys can be divided into 
heat-treatable and non-heat-treatable alloys. The mechanical properties of 
heat-treatable aluminium alloy products depend highly on the thermal treatments 
employed. However, mechanical working significantly influences the properties of 
non-heat-treatable aluminium alloy products. Table 2.2 gives the most common 
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tempers of heat-treatable aluminium alloys [3]. 
2.2. Lithium-containing aluminium alloys 
2.2.1. Advantages of lithium-containing aluminium alloys 
Lithium-containing aluminium alloys have three major advantages that make them 
desirable to aerospace industry [4]. 
 
Firstly, lithium is the lightest metallic element known to man (density 534 kg/m3). 
Therefore, alloying it with aluminium (density 2700 kg/m3) lowers the density of the 
resultant alloys. 
 
Secondly, with the exception of beryllium, whose use is associated with health and 
manufacturing problems, lithium is the only metal that improves elastic modulus and 
lowers density when alloyed with aluminium. Every 1% of lithium added to 
aluminium increases elastic modulus by approximately 3 GPa and decreases density 
by approximately 80 kg/m3. Alloys based on the Al-Li system thus possess high 
specific modulus and high specific strength, enabling significant weight savings in 
aircraft structures. 
 
Thirdly, Al-Li alloys have advantages over other light materials such as 
fibre-reinforced composites, magnesium alloys and titanium alloys since Al-Li alloys 
can be fabricated by existing equipments. Their behaviour is very similar to that of 
conventional aluminium alloys during extrusion, forging, machining and forming.  
2.2.2. History of AA 2099 aluminium alloy 
It has been more than 80 years since the first patent on the use of lithium in 
aluminium alloys was issued in the USA in 1927 to Czochralski [5] after the 
publication of a binary equilibrium diagram [6]. One of the earliest Al-Li alloys was 
2020 alloy (Al-4.5 Cu-1.1 Li-0.5 Mn-0.2 Cd) [4] that was developed by Alcoa in the 
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1960’s [7]. The work of Fridlyander et al. [8] resulted in the development of the 
lighter 01420 Al-Li-Mg alloy that was the subject of a US patent in 1969. These 
represented the 1st generation Al-Li alloys. 
 
Following the 1973 fuel crisis, much effort was directed towards improving the 
Al-Li alloys and this resulted in the 2nd generation Al-Li alloys such as AA 2090 
(Al-2.2 Li-2.6 Cu-0.12 Zr) and AA 8090 (Al-2.5 Li-1.3 Cu-1.0 Mg-0.12 Zr) alloys 
[9]. However, the major drawback of the 1st and 2nd generation Al-Li alloys was the 
mechanical anisotropy [4, 9]. Hence, the 3rd generation Al-Li alloys were developed, 
which have an increased Cu/Li ratio compared with the previous alloys, and the 
addition of other minor elements such as Ag and Zn [10]. A representative 3rd 
generation Al-Li alloys is the AF/C 458 alloy, which was developed in 1997 and 
designated as AA 2099 by the Aluminium Association in 2004 [11]. 
2.2.3. Research progress on AA 2099 aluminium alloy 
Publications [11-19] on commercial AA 2099 (AF/C 458) alloy mainly appeared 
after 2000. In much of the work, only limited aspects of the alloy microstructure 
were addressed and, in particular, constituent particles and dispersoids in the alloy 
were given little consideration. Buchheit et al. [12] studied the effect of artificial 
aging on intergranular attack and stress corrosion cracking of the AF/C 458 alloy, 
suggesting that increased precipitation of electrochemically active T1 at grain 
boundaries rendered the alloy more susceptible to intergranular attack (IGA) and 
intersubgranular attack (ISGA). Kertz et al. [13] investigated the effect of slow or 
delayed quenching on localised corrosion susceptibility of the AF/C 458 alloy, 
revealing that IGA and ISGA appeared to occur when T1 precipitates were detected 
on grain boundaries. Cu-depletion zones along grain or subgrain boundaries were not 
observed in any samples examined. Therefore, the authors proposed that selective 
dissolution of electrochemically active T1 phase contributed mainly to grain 
boundary attack. Thus, the presence of T1 on grain/subgrain boundaries appeared to 
be a necessary condition for boundary attack. However, it might not be a sufficient 
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condition in itself as there might be a critical density of boundary precipitates 
required to instigate attack in the alloy. Evidence was that fine plates of T1 phase 
were detected on subgrain boundaries for the alloy isothermally treated at 651 K for 
7 seconds, but the treated alloy did not exhibit ISGA. Further, Kertz et al. [13] found 
the TB (Al7Cu4Li) and θ′ phases at grain and subgrain boundaries under conditions 
where the alloy was resistant to IGA and ISGA, suggesting that TB and θ′ were 
electrochemically more benign than T1 phase. Gable et al. [14, 15] studied the 
influence of heat treatments and cold working on the microstructure and mechanical 
properties of the AF/C 458 alloy. Specifically, it was found that the relative volume 
fraction of T1 with respect to θ′ is greatly increased with the increase of deformation 
prior to artificial aging [14]. Csontos et al. [16] studied the effect of inhomogeneous 
plastic deformation on the ductility and fracture behaviour of the AF/C 458 alloy and 
the AF/C 489 alloy, suggesting that the relatively low ductility of the AF/C 489 alloy 
compared with the AF/C 458 alloy was due primarily to the much larger slip lengths, 
i.e. grain sizes, in the former. 
2.2.4. Alloying elements and intermetallics in AA 2099 aluminium alloy  
Alloy microstructure is largely determined by the alloying elements added and the 
resultant alloy phases. Therefore, up-to-date literatures on the role of relevant 
alloying elements and intermetallics in AA 2099 aluminium alloy are summarized 
below.  
 
2.2.4.1. Alloying elements 
(i) Lithium  
The aluminium-rich end of the Al-Li equilibrium phase diagram is shown in Figure 
2.1 [20]. It is revealed in the phase diagram that the solid solubility of lithium in 
aluminium decreases from a maximum of approximately 4 wt. % at 883 K to nearly 
zero at room temperature, suggesting a strong age-hardening effect of Al-Li alloys. 
Much work has been undertaken to determine the decomposition process in Al-Li 
supersaturated solid solutions. Initial work conducted by Silcock [21], using X-ray 
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diffraction techniques, showed the precipitation sequence to be: 
 Supersaturated solid solution (SSS)    δ ′ (Al3Li)     δ (AlLi) 
Subsequent studies using small-angle X-ray scattering [22], transmission electron 
microscopy [23, 24] and thermal analysis [25] confirmed the above precipitation 
sequence.  
 
(ii) Copper 
Figure 2.2 (a) shows Al-Cu binary phase diagram. Like lithium, the solubility of 
copper in aluminium also changes markedly with temperature, from 5.65 wt. % at 
821 K to about zero at room temperature [20]. The decomposition process in Al-Cu 
supersaturated solid solutions is of great interest and has received many studies. The 
first evidence of copper clusters, which resulted in increased hardness of 
copper-contained aluminium alloys, was reported independently by Guinier [26] and 
Preston [27]. They found that copper atoms aggregated on the {100} planes of 
aluminium to form small disk-shaped zones, known as Guinier-Preston (GP) zones, 
using X-ray diffraction. The precipitation sequence in Al-Cu system is widely 
accepted to be: 
SSS    GP (1) zone    GP (2) zone or θ″    θ′    θ (Al2Cu) 
Figure 2.2 (b) displays the metastable solubility lines in equilibrium with θ″ and θ′ 
respectively [20]. 
 
(iii) Zinc 
Addition of zinc to Al-Li alloys has been observed to stimulate precipitation of the 
δ ′ (Al3Li) phase [28]. Similarly, it has been suggested that addition of zinc to 
Al-Li-Cu alloys acts as nucleation aids lowering the stacking-fault energy, thus 
allowing dislocations to dissociate into partials [29]. The partials facilitate the 
precipitation of high-aspect-ratio precipitates such as T1 phase. Kertz et al. [13] 
found that Zn could be incorporated into coarse grain-boundary T1 phase.  
 
(iv) Magnesium 
Chapter 2: Literature Review 
 30 
Aluminium and magnesium can form solid solution over a wide range of 
compositions. Magnesium can reduce the solubility of lithium, but its main role 
appears to be that of solid solution strengthening [30]. Magnesium can increase the 
misfit between the δ ′ (Al3Li) phase and the aluminium matrix. When aluminium 
alloys containing more than 2 % of Mg are aged at relatively high temperature, the 
non-coherent S′ /S (Al2CuMg) phase precipitates [30].  
 
(v) Manganese and zirconium 
Both manganese and zirconium are dispersion-forming elements and they are used to 
form dispersoids to control grain size and inhibit recrystallization [10]. The 
dispersoids are usually much smaller than constituent particles. Caution should be 
taken that unsuitable amount of manganese addition may lead to coarsened 
manganese-containing particles, which have detrimental effects on local ductility 
and corrosion resistance.  
 
2.2.4.2. Precipitates 
(i) δ ′ (Al3Li) 
The δ ′ (Al3Li) phase has an ordered Ll2 (Cu3Au) structure and is fully coherent with 
the aluminium matrix. The δ ′  phase will precipitate homogeneously in the form of 
spherical particles when an alloy containing sufficient amount of lithium is quenched 
from the solution temperature and subsequently aged below the metastable solvus. 
Such coherent precipitates are responsible for age-hardening in Al-Li system [4]. 
Yoshi Yama et al. [31] identified the δ ′  phase in an Al-4.5 Li alloy using X-ray 
diffraction and determined a=0.401nm. The orientation relationship between the δ ′  
phase and the aluminium matrix is [32]: 
δ ′(100) // Al(100) ; δ ′[100] // Al[100]  
 
(ii) δ (AlLi) 
The δ ′  phase can transfer to equilibrium δ (AlLi) phase (Cubic, a=0.637 nm [32]) 
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at grain boundaries or within the matrix of grains as a consequence of extended 
aging. The presence of the δ phase contributes little to hardening but leads to 
deterioration of the mechanical property of the alloy. This is attributed to either the 
cracking of the δ  phase particles or excessive deformation of the δ ′  
precipitate-free zones adjacent to the grain boundaries due to the formation of the δ  
phase [33, 34]. The work of Silcock [21] shows that the δ  phase has a B32 (NaTi) 
structure with an orientation relationship with the aluminium matrix of 
δ)011( // Al)210( ; δ)100( // Al)110( ; δ)110( // Al)111(  
The work of Venables et al. [35] indicates that the δ  phase nucleates 
heterogeneously at high-energy sites such as grain boundaries and dislocations. At 
elevated temperatures, nucleation has also been observed in the highly strained 
interface between the δ ′  phase and the aluminium matrix. 
 
(iii) T1 (Al2CuLi) 
Hardy and Silcock [36] firstly identified T1 (Al2CuLi) phase using X-ray diffraction. 
Their work indicates that the crystal structure of T1 phase is hexagonal (a=0.496nm, 
c=0.935nm, space group: P6/mmm). T1 phase has a habit plane of {111} and an 
orientation relationship with the aluminium matrix of [15, 37] 
1
(0001)T // Al(111) , 1T0]1[10 // Al0]1[1  
As suggested by Thompson [38], T1 phase is in the form of thin hexagonal-shaped 
platelets of a few atomic layers thickness. Yoshimura et al. [37] found, in an 
Al-Cu-Li alloy, that the c-value of the precipitates on {111} planes exhibited a 
continuous change from 0.94 to 0.87-0.90 nm. HREM images of the latter were 
similar to those expected from the Ω phase (precipitating on {111} planes as 
platelets with composition of Al2Cu). Therefore, Yoshimura et al. [37] believed that 
T1 phase could make continuous transformation to Ω-like structure. 
 
(iv) T2 (Al6CuLi3) 
Hardy and Silcock [36] published the powder X-ray diffraction data of T2 (Al6CuLi3) 
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phase. The T2 phase was recognized as a quasicrystal in 1980s and, thereafter, it 
received extensive studies [39-44]. It has been generally accepted that the T2 phase 
exhibits icosahedra or five-fold symmetry [41-42]. Bartges et al. [44] found that T2 
particles could transform to a microcrystalline aggregate. Howell et al. [41] and 
Michel et al. [42] observed an alloy specimen which was exposed to ion beam at an 
accelerating voltage of 6 kV for various time periods, revealing the δ ′ (Al3Li) and 
T1 (Al2CuLi) phases in the microcrystalline regions of T2 particles.  
  
(v) TB (Al7Cu4Li) 
According to the work of Hardy and Silcock [36], TB (Al7Cu4Li) has a cubic 
structure with lattice parameter of a=0.58328. TB phase is considered unstable in low 
temperature (< 623 K) [45]. It was also reported that a transition could take place 
from θ′ (Al2Cu) phase to TB phase [46].   
 
(vi)  θ (Al2Cu) 
θ (Al2Cu) phase is incoherent with the aluminium matrix, with a tetragonal structure 
(a=0.6065 nm, c=0.4873 nm; space group: I4/mcm) [47]. The crystal structure of θ  
phase is illustrated in Figure 2.3 (a) [48].  
 
(vii) θ′ (Al2Cu) 
θ′ (Al2Cu) phase also has a tetragonal structure (a=0.404 nm, c=0.58 nm; space 
group: I-4m2) [36]. θ′ phase are partially coherent with aluminium matrix, forming 
rectangular or octagonal plates on the {100} planes of aluminium. The orientation 
relationship of θ′ phase with respect to aluminium matrix is [32] 
θ ′(100) // Al(100) ; θ ′[001] // Al[001]  
The crystal structure of θ′ phase is illustrated in Figure 2.3 (b) [48]. 
 
(viii)  θ″ and GP (1) zones  
GP (1) zones and θ″ phase are known to be formed on the {100} planes of  
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aluminium-rich matrix in Al-Cu alloys during the initial stage of aging. The 
commonly accepted model for GP (1) zones and θ″ was proposed by Gerold [49]. A 
GP (1) zone consists of a monolayer of Cu atoms on a {100} lattice plane 
surrounded by a far-reaching elastic distortion field due to the reduced size of Cu 
atoms compared with Al atoms. θ″ is a periodic arrangement of four {100} layers 
where one layer consists of Cu atoms and other layers consist of pure Al. θ″ has a 
chemical formula of Al3Cu and a tetragonal structure (a=0.404 nm, c=0.768 nm). 
The crystal structures of θ″ and GP (1) zone are illustrated in Figures 2.3 (c) and (d) 
respectively [48]. 
 
Interestingly, there have been many arguments [50, 51] on the model proposed by 
Gerold. Auvray et al. [51] claimed the existence of mutilayered zones consisting of 
two or more adjacent copper-rich layers with, perhaps, a decreasing Cu content for 
the outer layers. Sato et al. [52] examined GP zones in Al-1.7 at. % Cu alloys after 
various aging treatments using high resolution transmission electron microscopy, 
revealing GP zones which were either consistent with or different from Gerold’s 
models. It was revealed that single-layer GP (1) zones predominated in the alloy 
aged at low temperatures and for short time, and the frequency was determined to be 
81.0-86.3 %; whereas atypical multilayer structures (with structures of neither GP (1) 
nor GP (2) zones) were found locally up to about 12.9-15.9 %. For alloys aged at 
elevated temperatures and for prolonged time, 53 % of GP (2) zones and up to 
17.8 % of atypical GP zones were observed. It is suggested by the work of Sato et al. 
that there are transient stages between GP (1) and GP (2) zones, and between GP (2) 
zones and θ′ phase. However, it is difficult, and also too complicated to differentiate 
these stages from the typical GP zones as described by Gerold.   
 
2.2.4.3. Dispersoids 
(i) β ′ (Al3Zr) 
When zirconium is added into aluminium alloys, cubic β ′ (Al3Zr) phase can be 
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formed. β ′ phase is effective in inhibiting recrystallization and improving toughness 
and stress corrosion cracking resistance. β ′  phase is coherent with respect to the 
aluminium matrix and has a cubic structure (LI2, a=0.408) [53]. In Al-Li alloys, 
δ ′ (Al3Li) is revealed to nucleate heterogeneously on the β ′ /aluminium interface 
due to decrease of misfit energy (δ ′  has a negative misfit with the aluminium 
matrix while β ′  has a positive one) and reduction of surface energy [53]. 
 
(ii)  Al20Cu2Mn3 
In 2XXX series alloys, Al20Cu2Mn3 dispersoids can be formed as a consequence of 
manganese addition. The Al20Cu2Mn3 phase has an orthorhombic structure (a=2.42 
nm, b=1.25 nm, c=0.775 nm; space group: Bbmm) and a rod-like shape with <010> 
as the rod growth direction [32, 54].   
 
2.2.4.4. Constituent particles  
Constituent particles form by eutectic reaction during solidification and may 
transform in subsequent heat treatments. Generally speaking, constituent particles 
are coarse with sizes ranging from several to tens of micrometres. Particle size 
decreases as solidification rate increases, as the content of impurity elements (e.g. Fe 
and Si) decreases, and as the deformation during mechanical and/or 
thermomechanical processing increases. Two groups of constituent particles may be 
distinguished according to their stabilities in commercial aluminium alloys. One 
group of constituent particles are generally insoluble during heat treatment. The 
other group of constituent particles are generally soluble, provided that the contents 
of alloying elements in constituent particles are below the solubility limits of 
aluminium at given temperature [32]. Usually, iron-containing particles are insoluble 
because of the low solubility of iron in aluminium and, for this reason, 
iron-containing constituent particles are common constituent particles in commercial 
aluminium alloys even after heat treatments and thermomechanical processes.  
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2.3. Localised corrosion in aluminium and aluminium alloys 
2.3.1. Pitting corrosion 
Pitting is a form of localised corrosion in which metal is preferentially attacked at 
localised sites. More specifically, pitting corrosion is local dissolution leading to the 
formation of cavities in passivated metals or alloys that are exposed to aqueous, 
nearly neutral solutions containing aggressive anions (e.g. Cl-) [55].  
 
Pitting corrosion is usually evaluated according to the shape of the anodic 
polarization curve and the value of pitting potential. The pitting potential is the 
potential at which the passive film starts to breakdown locally. During 
potentiodynamic polarization of a metal in a solution containing aggressive anions 
(e.g. Cl-), the metal surface remains passive and the current density increases slowly 
when the applied potentials are below the pitting potential. Conversely, when the 
applied potentials are above the pitting potential, pits nucleate on the metal surface 
and the current density begins to increase drastically from the passive range [55]. 
The value of pitting potential characterises the corrosion resistance of a given meal 
in a given solution. 
    
Four stages of pitting corrosion, as stated by Szklarska-Smialowska [56], can be 
distinguished: (1) processes occurring on the passive film, at the interface between 
the passive film and the solution; (2) processes occurring within the passive film, 
when no visible microscopic changes occur in the film; (3) formation of so-called 
metastable pits which initiate and grow for a short period of time below the critical 
pitting potential and then repassivate (this is an intermediate step in pitting); and (4) 
stable pit growth, above a certain potential termed the critical pitting potential. The 
first two stages are associated with initiation of pits. The last two stages are about 
propagation of pits.  
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2.3.1.1. Initiation of pits 
Interaction of chloride anions with passive film is the first step to initiate a pit. 
Previous researches [57-59] have revealed adsorption of Cl- ions on passive films on 
aluminium at both the open circuit potential and applied anodic potentials. The 
adsorption energy varies from site to site since the metal surface is inhomogeneous, 
consisting of a number of defects. Therefore, the adsorption of Cl- ions is a local 
behaviour. Following adsorption of Cl- ions on the passive film at local sites, the film 
then ruptures at weak points and microcracks of a few nanometres width are formed. 
 
Concerning specific sites for pitting initiation, alloying elements and impurities play 
an important role. Alloying elements can either increase or decrease the corrosion 
potential of aluminium, depending on the type of alloying elements. Figure 2.4 [60] 
shows the influence of Mn, Cu, Si, Mg and Zn on the corrosion potential of 
aluminium. Since that the corrosion potential of an alloy is determined by the solid 
solution, i.e. the major part of the metal’s surface [61], it is suggested that the 
influence of alloying elements in solid solution is rather uniform than localised. 
Conversely, intermetallic particles are distributed non-uniformly and have different 
chemical and electrochemical properties compared with the solid solution. The 
presence of intermetallic particles on the surfaces of alloys breaks the continuity of 
the passive films, initiating pits. The behaviour of the intermetallic particles depends 
mainly upon the potential differences between the particle and the alloy matrix. 
Phases which are electrochemically nobler than the alloy matrix are cathodes, 
stimulating anodic dissolution of surrounding alloy matrix. Oppositely, phases which 
are electrochemically more active than the alloy matrix are anodes, tending to 
dissolve themselves. Table 2.3 [62] shows the corrosion potential values (mainly in 
NaCl solutions) for common intermetallic phases present in aluminium alloys. Such 
potential values can be used to predict the galvanic cell formation in aluminium 
alloys.  
 
Not all initiated pits develop into severe localised corrosion such as a through hole in 
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the wall of a metal pipe. Most of pits are very small in size and repassivate soon after 
their initiation. Only a minute fraction of initiated pits may continue to propagate.  
 
2.3.1.2. Propagation of pits 
The mechanism of pitting corrosion of aluminium is illustrated in Figure 2.5 [63]. 
The pits propagate according to the redox reactions:  
 Oxidation at the anode formed by the pit’s bottom: 
Al    Al3+ + 3e-                                 
 Reduction at the cathode outside the cavity: 
of water:  
4
3 O2 + 2
3
 H2O+3e-     3OH- or  
of H+:  3H+ + 3e-    
2
3 H2     
If the anode is stable and localised, corrosion will lead to formation of a cavity, i.e. a 
pit. The formation of OH- ions or the consumption of H+ ions will locally lead to an 
excess of OH- ions, thus to an alkaline pH. The dissolution of aluminium by 
formation of Al3+ ions at the bottom of the pit creates an electric field that shifts Cl- 
ions towards the pit’s bottom, chemically neutralizing the solution and forming 
aluminium chlorides. The hydrolysis of aluminium chlorides will lead to the 
acidification of the pit’s bottom down to pH<3. The medium becomes very 
aggressive, leading to autopropagation of the pit. 
 
Al3+ ions highly concentrated at the pit’s bottom will diffuse towards the pit’s 
opening, where they will meet a medium which is more and more alkaline, 
especially on the lateral surfaces, where the cathodic reaction leads to alkalinisation. 
Al (OH)3 then precipitates. Hydrogen micro-bubbles from the reduction of H+ ions 
will push the formed aluminium hydroxide to the opening of the pits where it forms 
a dome. The accumulation of corrosion product at the top of the pit progressively 
blocks the entry of the pit, hindering the exchange of ions and, as a consequence, 
slowing down or even stopping the pit growth. 
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2.3.2. Intergranular corrosion 
Intergranular corrosion (IGC), also referred to as intercrystalline corrosion, is 
selective corrosion of grain boundaries or closely adjacent regions without 
appreciable attack of the grains or crystals themselves [64]. 
 
Intergranular corrosion is caused by a difference in the electrochemical potentials 
between the matrix of grains and the grain boundaries where intermetallic phases 
precipitate [3]. Intermetallic compounds can be 
 less electronegative than the solid solution (e.g. Al3Fe and Al2Cu): they are 
cathodic with respect to the solid solution, and in the case of intergranular 
corrosion, it is the solid solution that dissolves; 
 more electronegative than the solid solution (e.g. MgZn2, Al3Mg2 and 
Mg2Si): they are anodic with respect to the solid solution, and in the case of 
intergranular corrosion, these intermetallics are attacked; 
 initially more electronegative but afterward less electronegative than the 
solid solution (e.g. Al2CuMg and Al2CuLi): their electrochemical behaviour 
changes with proceeding of the corrosion, and in the case of intergranular 
corrosion, these intermetallics act as anodes in early stages of attack and 
then change into cathodes in late stages of attack. 
Accordingly, three different situations may occur in aluminium alloys in the case of 
intergranular corrosion: 
 continuous precipitation of anodic phases at grain boundaries; 
 continuous precipitation of cathodic phases at grain boundaries; 
 continuous precipitation of phases which may change their 
electronegativity with the proceeding of the corrosion.  
 
For 5XXX series aluminium alloys with magnesium content above 3.5%, prolonged 
heating leads to precipitation of Al3Mg2 phase at grain boundaries. The corrosion 
potential of Al3Mg2 phase (-1150 mV) is highly anodic with respect to that of the 
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solid solution (-780 mV). Under appropriate conditions, i.e. in the presence of a 
corrosive medium, intergranular corrosion can be triggered due to preferential attack 
of Al3Mg2 phase at grain boundaries.  
 
In AA 2024 aluminium alloy, Al2Cu phase can precipitate at grain boundaries when 
the quenching rate is too slow. This grain boundary phase is formed with copper 
atoms that originate from the vicinity; the zone adjacent to the grain boundaries is, 
therefore, depleted in copper. The copper-depleted solid solution has a corrosion 
potential of about -750 mV and it is anodic with respect to grain boundary Al2Cu 
phase (-640 mV) (Figure 2.6 [3]). In the presence of a corrosive medium, this 
copper-depleted zone dissolves along a path parallel to the grain boundaries, leading 
to intergranular corrosion in the alloy.  
 
The mechanism of intergranular corrosion of Al-Cu-Li alloys is relatively complex 
because the electronegativity of grain boundary precipitates (i.e. T1 phase) changes 
with the proceeding of corrosion. Buchheit et al. [45, 65], on the basis of 
electrochemical behaviour of bulk T1 (Al2CuLi) phase, believed that intergranular 
corrosion or intersubgranular corrosion of the AA 2090 aluminium alloy in NaCl 
solution was caused by anodic dissolution of T1 precipitates. While according to 
corrosion feature of an Al-Cu-Li alloy, Kumai et al. [66] suggested that the 
preferential dissolution of the precipitate free zones (PFZs) caused its intergranular 
corrosion. These viewpoints were accepted and advanced by Li et al. [67], who, 
based on electrochemical testing as well as TEM and SEM observation on bulk T1 
phase, argued that there was a corrosion mechanism change associated with T1 
precipitates in Al-Cu-Li alloys. In early stages of corrosion, T1 phase is anodic to the 
alloy matrix and anodic dissolution of T1 phase occurs. However, after prolonged 
corrosion, the preferential dissolution of aluminium and lithium from T1 phase 
renders the potential of T1 phase remnant move to a positive direction, resulting in 
anodic dissolution of peripheral regions adjacent to the precipitates. With further 
development of corrosion, other T1 precipitates are exposed to the corrosion medium, 
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and the above process is repeated.  
2.3.3. Exfoliation corrosion 
Exfoliation corrosion, sometimes referred to as layer, stratified, or lamellar corrosion, 
is a form of corrosion resulting from a relatively rapid lateral attack along 
electrochemically active layer parallel to the metal surface. In the more familiar 
occurrence of exfoliation corrosion, attack progresses along grain boundaries [64].  
 
Because it occurs most readily in alloys and tempers that have a relatively low 
resistance to stress corrosion cracking (SCC) in the short transverse direction, 
exfoliation corrosion sometimes is regarded as a special form of intergranular attack 
or SCC. However, not all products that are susceptible to intergranular corrosion will 
develop exfoliation. Exfoliation corrosion occurs predominantly in relatively thin 
products with highly worked, elongated grain structures. 
 
The exfoliation corrosion of lithium-containing aluminium alloys has been reported 
occasionally. Conde et al. [68] studied the effect of surface depletion of lithium on 
corrosion behaviour of an AA 8090 alloy in a marine atmosphere, revealing that 
material taken from the centre of the ingot had more widespread intergranular and 
exfoliation corrosion than that taken from the surface regions. This was attributed to 
the lithium-impoverished layer several microns deep in the surface regions of the 
ingot as a consequence of the series of thermal treatments applied. Li et al. [69] 
compared the exfoliation susceptibility of T6 and T8-treated Al-Cu-Li alloy, 
revealing that the alloy with T6 treatment had higher exfoliation susceptibility than 
the alloy with T8 treatment. Whilst at the same time, grain boundary precipitates in 
T6-treated alloy were larger in amount and size than those in T8-treated alloy, 
suggesting a correlation between exfoliation corrosion and grain boundary 
precipitates.   
Chapter 2: Literature Review 
 41 
2.3.4. Role of intermetallics in the development of localised corrosion  
Much effort has been made to precisely understand the role of alloy microstructure 
in localised corrosion of aluminium alloys [65-75]. Much of the work focused on 
understanding localised corrosion around coarse intermetallic particles. Guillaumin 
and Mankowski [71] studied the localised corrosion of an AA 6065-T6 aluminium 
alloy in a chloride-based media, indicating that coarse Al-Si-Mg-containing particles 
were preferentially attacked and, subsequently, served as nucleation sites for pits. 
Birbilis et al. [73] investigated localised corrosion associated with Al7Cu2Fe particles 
in an AA 7075-T651 aluminium alloy, revealing that the Al7Cu2Fe particles could 
sustain a greater oxygen reduction reaction (ORR) than Al2Cu and Al20Cu2Mn3 
particles, leading to peripheral type pitting in the alloy.  
 
Very recently, clustering of intermetallic particles with different compositions in AA 
2024 aluminium alloy has been recognized [76]. Ilevbare et al. [74] suggested that 
the formation of stable pits in AA 2024 aluminium alloy required large intermetallic 
particle clusters. Boag et al. [70] further developed Ilevbare’s concept by examining 
the influence that coupling of anodic to cathodic intermetallic particle types have on 
corrosion in AA 2024 aluminium alloy, revealing that stable pit sites often had 
intermetallic particles with opposite electrochemical activity (S-phase and 
Al-Cu-Fe-Mn particles).  
 
2.4. Anodising aluminium and aluminium alloys 
2.4.1. History of anodising 
Under moderate conditions, aluminium is protected by an air-formed alumina film of 
several nanometres thickness. However, the protective ability of the air-formed 
alumina film is limited due to its small thickness. To obtain more reliable and 
durable protection for aluminium, a relatively thick oxide film has been pursued. 
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Anodic oxide films, which are formed by anodically oxidizing aluminium in specific 
electrolytes, have been proven to be ideal for protection of aluminium.  
 
Anodising aluminium in sulphuric acid was first carried out by the National Physical 
Laboratory in England in early 20th century. It was Alcoa that first exploited the 
process commercially in 1930s, which finally led to wide application in Europe and 
other places in the world.  
2.4.2. The mechanism of anodic film formation on aluminium 
2.4.2.1. General electrochemical process of anodising  
In an anodising cell, when an aluminium workpiece and an appropriate cathode is 
connected to the positive and negative terminals of a DC power supply respectively, 
the aluminium workpiece can be anodised. The result of anodic oxidation depends 
on a number of factors, particularly the nature, concentration and temperature of the 
electrolyte, and the electrolytic operating conditions such as current and voltage. In 
simple terms, the following processes can occur at the anode. 
 If the reaction products are essentially insoluble in electrolytes such as 
borate and tartrate solutions, a strongly adherent barrier-type film will form 
on aluminium. Film growth continues until its resistance prevents current 
from reaching the anode. The resultant film is termed as barrier-type anodic 
film, as illustrated in Figure 2.7. 
 In electrolytes like sulphuric, phosphoric, chromic and oxalic acids, the 
reaction products may be sparingly soluble. Consequently, an adherent film 
forms as above, but is accompanied by localised field-assisted dissolution 
which produces a regular array of essentially parallel-sided pores in the film. 
The resultant film is termed as porous anodic film. Figure 2.8 shows 
schematic diagram of the structure of a porous anodic film.  
 In the condition that reaction products are moderately or fully soluble, then 
no film thickening occurs and the metal is dissolved into the electrolyte. 
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2.4.2.2. Barrier-type anodic film formation 
There are two types of anodic films, namely barrier-type and porous-type anodic 
films. Barrier-type anodic film has much less application than porous-type anodic 
film. However, barrier-type anodic film is very important in terms of understanding 
the film formation process. Development of anodic alumina can be understood from 
examination of barrier-type anodic films formed on electropolished aluminium 
substrates, which provide reasonably smooth initial surfaces.  
 
Barrier-type anodic film formed on aluminium is a layer of amorphous alumina of 
uniform thickness. The growth of the film is achieved through solid-state migration 
of Al3+ and O2- ions, which move outwards and inwards through the film 
respectively [77]. The transport of species is driven by an electric field of about 
8×108 Vm-1 provided by external power supply [78]. The development of new film 
materials is due to oxidation of aluminium atoms at the metal/film interface, to form 
fresh Al3+ ions, and addition of O2- ions, derived from the electrolyte, at the 
film/electrolyte interface. As a result of the counter migration of Al3+ and O2- ions, 
the new film material is formed both at the film/electrolyte and metal/film interfaces, 
with a proportion of 40 to 60 respectively [79]. Figure 2.9 shows a schematic 
illustration of species migration and the proportions of anodic film material formed 
by ingress of O2- ions and egress of Al3+ ions [80]. 
 
The proportions of film material developed at each interface reflect the amounts of 
current carried by cations and anions. Such proportions of film material are only 
achieved in practice if the film is grown in an electrolyte which is relatively 
unreactive towards the film. The thickness of barrier-type films is limited to a 
maximum value of about 1 µm [80] due to dielectric breakdown. The outer region of 
the film may be contaminated by species from the electrolyte. The thickness of the 
barrier-type film is proportional to anodising voltage with small variations 
determined by anodising conditions. Holland and Sutherland [81] gave a value of 1.3 
nm/V in a 3% ammonium tartrate solution. 
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2.4.2.3. Porous anodic film formation 
The anodic films formed on aluminium in relatively aggressive electrolytes, such as 
sulphuric acid, are porous. Pores in the films are approximately cylindrical, situated 
in generally close-packed hexagonal cells, and separated from the aluminium 
substrate by a thin barrier layer.  
 
The course of porous film development can be readily revealed by monitoring the 
change of voltage or current density during anodising at constant current density or 
constant voltage respectively. There are four basic stages for development of porous 
film, as reflected from the voltage-time or current density-time responses. Figure 
2.10 schematically illustrates the voltage-time and current density-time responses 
and film morphology of each stage [82]. During stage I, the compact barrier-type 
film forms as discussed before. Afterwards, pores initialize on the surface of barrier 
layer (stage II) due to so-called field-assisted dissolution. Because of the geometry of 
the outer surface of barrier layer, which is determined by pretreatments and 
corresponding microstructure of the bulk material, the current flow may concentrate 
at local sites, resulting in preferential growth of some initial pores and ceasing 
growth of some other initial pores. Then, the classical film morphology of porous 
anodic film starts to arise during stage III. Steady-state development of the pores 
continues through out stage IV. 
 
Pores initiation and growth of porous anodic film could also be directly examined by 
observing sections of anodised aluminium, to different voltages in the case of 
constant current density anodising, or for different time periods in the case of 
constant voltage anodising. Thompson and Wood [83] described the films formed at 
0.5 A/dm2 in 0.4 M phosphoric acid for various time periods (Figure 2.11), and they 
said: “After 10 s, the pre-existing film thickens relatively uniformly above the finely 
spaced scalloped electropolished substrate (Figure 2.11 (a)). With further anodising, 
this film thickens, together with the development of locally thicker film at the outer 
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surface (Figure 2.11 (b)). The separation of the protuberances corresponds to the 
textured appearances of the electropolished substrate, and they appear to develop 
above pre-existing metal ridges. This observation is confirmed by the further 
development of the protuberances, which corresponds with a flattening of the 
metal/film interface (Figure 2.11 (c)). The regions of thinner film between the 
protuberances appear similar to pores but they are not the conventional pores, 
because none is growing at this stage of film formation. After 120 s, further 
thickening of the barrier layer and protuberances are evident and the development of 
major pores can be seen directly or detected by the relatively pronounced scalloping, 
which develops at the metal/film interface beneath the major pores (Figure 2.11 (d)). 
The spherical scalloped regions are observed to increase in effective diameter, as 
does the diameter of the pores, until they merge with other scalloped regions and 
relatively regular morphology of the steady-state porous anodic film is created 
(Figure 2.11 (e)).” 
 
Further, based on the morphology of the anodic films formed at different stages, 
Thompson et al. [80] proposed a model to interpret the development of pores in the 
anodic films in comparison with the development of barrier-type anodic film, as 
shown in Figure 2.12. In porous film forming electrolytes, the current efficiency of 
film formation on high purity aluminium can be reduced significantly below 100% 
due to the loss of Al3+ ions to the electrolyte, resulting from direct ejection of 
outwardly mobile Al3+ ions from the films assisted by the electric field. As the 
electrolyte is relatively aggressive and the external electric field is high enough, all 
of the Al3+ ions migrating to the film/electrolyte interface are ejected to the 
electrolyte and the film then forms exclusively at the alloy/film interface by inward 
migration of O2- ions. At this point, the film/electrolyte interface becomes unstable 
and incipient pores form at locally thinner regions of the film.  
 
There have been various models on the initiation of incipient pores, varying from 
preferential solvent action at weak points of the surface [84], to relieving the stress at 
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the defects of air-formed film [85], and to non-uniform thickening of the barrier 
layer caused by non-uniform current distribution [86]. Now it is generally accepted 
that the incipient pores are associated with an enhancement of the local electric field 
due to the local geometry of the film and substrate structure. Thompson and Wood 
[83] proposed a model for the non-uniform initiation of incipient pores on an 
electropolished substrate. The model is schematically illustrated in Figure 2.13, 
where four stages are involved. 
 When uniform and stable barrier film forms, the current is relatively 
uniformly distributed across the whole scalloped metal interface, which is 
developed during electropolishing. 
 As the film thickens, the current becomes concentrated at regions above 
metal ridges, leading to preferential thickening of the film at these regions 
and the flattening of the film/metal interface.  
 Current will then concentrate between the ridges where film thickness is 
smaller and therefore the current resistance is lower. Concentration of the 
current at the thinner regions of the film leads to scalloping of the 
metal/film interface as constant field strength maintained.  
 The scalloped regions subsequently widen in order to maintain a constant 
field strength as the barrier layer thickens. The pores then propagate by the 
mechanism of field-assisted dissolution that has been depicted in Figure 
2.12. 
2.4.3. Behaviour of alloying elements during formation of anodic film 
2.4.3.1. General behaviour of alloying elements 
As aluminium alloys are anodised, alloying elements, in forms of solid solutions 
and/or intermetallics, may participate in the anodising process, leading to 
modification of the resultant anodic films in terms of morphology and composition.  
 
It has been revealed that the behaviour of the alloying elements during anodising is 
determined by (a) the Gibbs free energy of oxide formation of the alloying elements; 
Chapter 2: Literature Review 
 47 
(b) the single metal-oxygen bond strength of the alloying elements; (c) the 
conductivity of the alloying element oxides; (d) Pilling Bedworth Ratio (PBR) of the 
alloying elements [80]. 
 
An alloying element with more negative Gibbs free energy of oxide formation 
relative to aluminium oxidizes simultaneously with aluminium. Conversely, an 
alloying element with less negative Gibbs free energy of oxide formation relative to 
aluminium enriches at the alloy/film interface before it can oxidize. Upon reaching a 
critical level of enrichment, the enriched alloying element then oxidizes together 
with aluminium. The enrichment level increases with Gibbs free energy of oxide 
formation of alloying elements relevant to aluminium. Figure 2.14 gives the 
predicted enrichment of alloying elements in binary aluminium alloys [87]. 
 
The single metal-oxygen bond strength may be used to predict, at least partially, the 
outward mobility of cation species relative to Al3+ ions during anodic oxidation. If 
the single metal-oxygen bond strength of an alloying element is larger than Al-O 
bond strength, the alloying element ions likely migrate outward slower than Al3+ ions. 
Otherwise, the alloying element ions tend to migrate faster than or similar to Al3+ 
ions. Table 2.4 gives single metal-oxygen bond strength of selected alloying 
elements [87]. 
 
Certain alloying elements, which form oxides that function as semiconductors during 
anodising, can lead to the generation of oxygen gas within the anodic film material; 
examples are chromium, copper and irons. The influence of the generation of oxygen 
gas becomes greater as the amount of alloying element in the alloy increases. The 
generation of oxygen gas takes place within the anodic film, or at the alloy/film 
interface by reducing inwardly mobile O2- species at the interface between alumina 
and the semiconducting alloying element oxide. The produced oxygen gas may be 
trapped inside the anodic film as oxygen gas-filled voids or released by rupture of 
the anodic film material. The interference of occluded or ruptured oxygen gas-filled 
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voids leads to relatively rough film/alloy and film/electrolyte interfaces and 
non-uniform film thickness.     
 
Alloying elements, which form oxides that have lower PBR than that for Al2O3/Al, 
can lead to the formation of fine voids at the alloy/film interface; examples are 
lithium and magnesium. The fine voids tend to coalesce at the film/alloy interface 
with the growth of the anodic film, resulting in detachment of the anodic film from 
the substrate. Subsequently, fresh film is formed beneath the detached film under 
enhanced current density.  
 
2.4.3.2. The behaviour of copper 
Anodising copper-containing aluminium alloys has been extensively investigated 
due not only to the importance of 2XXX series aluminium alloys in aerospace 
industry, but also to the significant influence of copper on anodic film morphology. A 
layer of ~2 nm thickness, enriched in copper, is revealed in the alloy matrix 
immediately beneath the alumina film when anodic films grow on copper-containing 
aluminium alloys [88-92]. Habazaki et al. [88] investigated anodic film growth on a 
mechanically polished Al-0.9 at. % Cu alloy, revealing the enriched layer in the alloy 
matrix immediately beneath the anodic film. During the initial enrichment, an 
essentially pure alumina film was generated. However, after achieving sufficient 
enrichment, copper atoms from the enriched layer were oxidized and copper ions 
were incorporated into the anodic film in the alloying proportions. Zhou et al. [89] 
determined that copper enriched in the layer to a steady level of about 5.4×1015/cm2 
Cu atoms, equivalent to an average composition of about 40 at. % Cu in a layer of ~2 
nm thickness. With oxidation of copper atoms and incorporation of copper species 
into the anodic film, the morphology and composition of the anodic film are 
modified. 
 
It has been revealed that anodising of copper-containing aluminium alloys in 
ammonium pentaborate electrolyte leads to growth of amorphous anodic film 
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accommodating residual flaws, with the population density of the flaws depending 
on the composition of the alloys and the ultimate voltages [88-89, 93-96]. Skeldon et 
al. [95] examined the composition of the barrier-type anodic film formed at 5 
mA/cm2 to 200 V on a solution-heat-treated Al-1 at. % Cu alloy in ammonium 
pentaborate electrolyte at 293 K by Rutherford backscattering spectroscopy and 
nuclear reaction analysis, revealing about 14 % more oxygen than that expected for 
an anodic alumina film as usually formed on high purity aluminium under similar 
conditions. Further, it was revealed by TEM that most of the excessive oxygen 
appeared to reside in bubbles of 5-250 nm dimensions, within the inner part of the 
anodic film. Later, Zhuravlyova et al. [97], using residual gas analysis and TEM 
observation, confirmed the presence of oxygen gas-filled voids within the anodic 
film formed under the same conditions. 
 
In the case of porous anodic films, Garcia-Vergara et al. [91] anodised 
sputtering-deposited model alloys with different contents of copper in phosphoric 
and sulphuric acids, revealing development of an irregular porous film morphology, 
unlike the well-defined hexagonal cells, typical of films formed on high purity 
aluminium. Such an irregular pore morphology was considered to arise from rupture 
of the barrier layer beneath the pore due to the high pressure of oxygen gas-filled 
voids formed within the oxide and subsequent electrolyte infiltration, resulting in 
local film growth. The consequence is the development of lateral porosity across the 
thickness of the porous anodic alumina film due to the cyclic processes of oxide 
growth, copper enrichment, copper oxidation, oxygen evolution, oxide rupture, 
electrolyte infiltration and new oxide growth. Iglesias-Rubianes et al. [92] anodised 
both a sputtering-deposited Al-2.7 at. % Cu model alloy and a commercial AA 2024 
aluminium alloy in sulphuric acid, revealing that the lateral porosity was also 
developed in the anodic film formed on the commercial alloy. Curioni et al. [98, 99] 
established a relationship between copper oxidation and the anodising voltage, using 
electrochemical data obtained under potentiostatic and potentiodynamic conditions 
for an AA 2024 aluminium alloy, high purity aluminium and model Al-Cu alloys. It 
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was shown that the lateral porosity, initiated with generation of oxygen gas, only 
developed at voltages above 6 V (SCE). Below this voltage, no oxygen could be 
generated, and the mechanism of film growth was generally similar to that observed 
for high purity aluminium. Between 3 and 6 V (SCE), copper was oxidized, but the 
available voltage was not sufficient for oxygen generation. At voltages below 3 V 
(SCE), copper was not oxidized at the alloy/film interface, and consequently, 
copper-rich nanoparticles were occluded in the anodic film material.   
 
2.4.3.3. The behaviour of lithium and magnesium 
One of the advantages of addition of lithium and/or magnesium in aluminium alloys 
is the weight reduction of the resultant alloys. The anodising behaviour of 
lithium/magnesium-containing aluminium alloys is of great interest because of the 
development of fine voids at the film/alloy interface and associated detachment of 
the anodic films from the alloy substrates.  
 
Zhou et al. [100] studied the film formation and detachment during anodising of Al-3 
at. % Mg and Al-5 at. % Mg alloys in 0.1 M ammonium pentaborate electrolyte at 
298 K. An amorphous anodic film containing uniformly incorporated Mg2+ species 
was developed from the commencement of anodising, with reduced concentration of 
magnesium in the film due to ejection of Mg2+ species into electrolyte. In addition, 
voids developed at the alloy/film interface for both alloys which were anodised to 
100 V. For the Al-5 at. % Mg alloy, which was anodised to higher voltages, 
detachment of the anodic film and reforming film beneath the detached film with 
formation of crystalline alumina were observed. In order to investigate other possible 
reason, instead of voids formation, that causes the detachment or poor adhesion of 
anodic films, Liu et al. [101] anodised Al-3 at. % Mg alloys, with different 
pretreatments and at different current densities. The results indicated that the 
detachment of the anodic films was a consequence of anodising process per se and 
chemical or electrochemical pretreatments were not prerequisites; current density 
might influence the detachment, promoting detachment by lower current densities 
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for various pretreatments.  
 
Similarly, Skeldon et al. [102] anodised an Al-3 wt. % Li alloy in 0.1 M ammonium 
pentaborate electrolyte at 293 K, revealing voids formation at film/alloy interface, 
detachment of the anodic film, and re-anodising of underlying alloy at an increased 
current density. 
 
2.4.3.4. The behaviour of intermetallics  
Intermetallics have a profound influence on the surface treatment of aluminium 
alloys since they are usually enriched with alloying elements and, therefore, are 
preferred sites of cathodic or anodic activity. During anodising aluminium alloys, the 
influence of intermetallics on the morphology and composition of the anodic films is 
unavoidable. 
 
Two approaches have been pursued to study the anodising behaviour of 
intermetallics in various aluminium alloys: (a) anodising sputtering-deposited model 
alloys with compositions representative of specific intermetallics [103, 104], or (b) 
anodising casting model binary or ternary alloys, with tailored microstructure to 
generate selected phase particles of appropriate size and distribution [105-110].  
 
Anodising sputtering-deposited model alloys enables detailed understanding of the 
behaviour of the alloying element species during anodising, with the difficulties in 
studying the behaviour of fine precipitates overcome. However, for relatively coarse 
intermetallics, the co-influences between the intermetallics and alloy matrix are 
unable to be studied by anodising the sputtering-deposited model alloys. Conversely, 
studies on casting model alloys containing relevant intermetallics overcome the 
limitations associated with anodising of sputtering-deposited model alloys, enabling 
investigation of the anodising behaviour of both intermetallics and alloy matrix. For 
instance, Shimizu et al. [109] studied the anodising behaviour of Al3Fe and Al6Fe 
particles in a casting model alloy by transmission electron microscopy (TEM), 
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revealing that Al6Fe anodised at about 40 % of the rate of the surrounding alloy 
matrix and, consequently, residual particles were occluded within the anodic film. In 
contrast, Al3Fe anodised at a similar rate to the alloy matrix and, for this reason, 
individual particles were not present in the anodic film.  
 
It is a great challenge to study the anodising behaviour of intermetallics in practical 
aluminium alloys due to the complexity of the alloy microstructure. Moon et al. [111, 
112] investigated the behaviour of second phase particles during anodising of 
Al5020 alloy in sulphuric acid solution using confocal scanning laser microscopy 
(CSLM), revealing two different types of imperfections in the resultant anodic 
alumina film, associated with anodising of Al-Mg and Al-Mg-Fe particles. Curioni et 
al. [98] and Miera et al. [113] studied the behaviour of AA 2024 and AA 7075-T6 
alloys during anodising in a sulphuric acid electrolyte respectively, with the 
phenomena related to oxidation of intermetallics separated from those associated 
with oxidation of the alloy matrix by electrochemical measurements and 
electronoptical observations, revealing that intermetallics of different compositions 
anodised preferentially at specific voltages. Viejo et al. [114] examined the influence 
of a laser-surface-melting (LSM) pre-treatment on the performance of anodised AA 
2050-T8 alloy, revealing that the local melting of the surface regions of the alloy 
redistributed intermetallics, thereby improving the anticorrosion performance of the 
anodised alloy.
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Table 2.1. Series of aluminium alloys [2]. 
 
Alloy number  Main alloying element 
1XXX Aluminium 99% 
2XXX Copper 
3XXX Manganese  
4XXX Silicon 
5XXX Magnesium 
6XXX Magnesium and Silicon 
7XXX Zinc 
8XXX Lithium and Tin 
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Table 2.2. Definition of metallurgical tempers according to the standard EN 515 [3]. 
 
Temper  Solution 
heat 
treatment 
in furnace 
Controlled 
stretching  
 
Strain 
hardening 
 
Natural 
ageing 
 
“Normal” 
artificial 
ageing 
 
Over-aging 
 
Extrusions  
 
T1 
 
  ×    
T3 ×  × ×    
T351 × ×  ×    
T3510 × ×  ×   × 
T3511 × ×  ×   × 
T4 ×   ×    
T451 ×   ×    
T4510 ×   ×   × 
T4511 ×   ×   × 
T5 
 
   ×  × 
T6 ×    ×   
T651 × ×   ×   
T6510 × ×   ×  × 
T6511 × ×   ×  × 
T73 ×     ×  
T7351 × ×    ×  
T73510 × ×    × × 
T73511 × ×    × × 
T76 ×     ×  
T76510 × ×    × × 
T76511 × ×    × × 
T8 ×  ×  ×   
T8510 × ×   ×  × 
T8511 × ×   ×  × 
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Table 2.3. Corrosion potentials of intermetallics common in aluminium alloys [62]. 
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Table 2.4. Correlation of bond energies of metal oxides and the mobility of the 
respective cation species in anodic alumina [87]. 
 
 Bond energy (kJ/mol) Mobility 
Al2O3 281  
B2O3 526 Immobile 
SiO2 466 Immobile 
WO3 407 <Al 
MoO3 359 <Al 
Ta2O5 348 <Al 
ZrO2 276 ~Al 
CeO2 252 >Al 
Sm2O3 249 >Al 
Fe2O3 201 >Al 
Ga2O3 200 >Al 
CuO 186 >Al 
ZnO 183 >Al 
In2O3 180 >Al 
MgO 167 >Al 
MnO 153 >Al 
Ag2O 129 >Al 
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Figure 2.1. Al-Li partial phase diagram. Solid lines: stable phases; dashed lines: 
experimentally determined metastable phases; dotted lines: proposed metastable 
phases [20]. 
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Figure 2.2. (a) Al-Cu phase diagram. (b) Al-rich end of the Al-Cu phase diagram, 
showing metastable solubility lines in equilibrium with θ′ and θ″ phases [20]. 
 
 
 
 
Chapter 2: Literature Review 
 59 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. Crystal structure of the (a) θ phase; (b) θ′ phase; (c) θ″ phase; and (d) GP 
(1) zone [48].      
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Figure 2.4. Influence of alloying elements on the corrosion potential of aluminium 
[60]. 
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Figure 2.5. Schematic diagram showing the mechanism of pitting corrosion in 
aluminium [63]. 
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Figure 2.6. Schematic diagram showing precipitation of Al2Cu phase and formation 
of copper-depleted zones at grain boundaries [3]. 
 
 
 
 
 
 
 
 
 
Chapter 2: Literature Review 
 63 
 
 
 
 
 
 
 
 
 
Figure 2.7. Schematic diagram of a cross section of a barrier-type anodic film. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Schematic diagram of a cross section of a porous anodic film. 
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Figure 2.9. Schematic illustration of anodic film formation by inward migration of 
O2- ions and outward migration of Al3+ ions, contributing to 60 % and 40 % of film 
growth respectively [80]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10. Schematic diagrams showing (a) voltage-time and (b) current 
density-time responses, and the film morphology of each stage indicated [82]. 
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Figure 2.11. Transmission electron micrographs of ultramicrotomed sections of 
aluminium substrate and the attached anodic films formed at 50 A/m2 in 0.4 M 
phosphoric acid at 298K for various periods of time: (a) 10s; (b) 40s; (c) 90s; (d) 
120s; and (e) 160s [83]. 
 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
(e) 
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Figure 2.12. Schematic diagrams showing the effect of reduced efficiency of film 
growth (due to loss of Al3+ ions to the electrolyte) on the morphology of alumina 
films: (a) a barrier-type anodic film is formed when only a portion of the outwardly 
mobile Al3+ ions are ejected to the electrolyte; (b) a porous anodic film is formed 
when all outwardly mobile Al3+ ions are ejected to the electrolyte [80]. 
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Figure 2.13. Schematic illustration of non-uniform film growth and current 
distribution during porous anodic film formation [80]. 
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Figure 2.14. Predicted enrichment of alloying elements in binary aluminium alloys 
based on correlation with the Gibbs free energy per equivalent for formation of the 
alloying element oxides [87]. 
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3. Experimental Procedure 
This chapter describes the experimental procedure employed in this work.  
3.1. Materials 
The present work is mainly based on a commercial AA 2099 aluminium alloy, which 
was supplied in an extruded T-shaped beam of T8 temper (solution treatment, 
followed by cold working and artificial aging). The beam was machined to achieve 
the designated shape and dimensions, as shown in Figure 3.1. The elemental 
composition of the alloy was determined using optical emission spectroscopy, with 
the result given in Table 3.1. 
3.2. Specimen preparation 
Specimens, of dimensions of 30 x 20 x 5 mm, were prepared from the middle of the 
machined component, as schematically shown in Figure 3.2. Unless states elsewhere, 
all observation, analyses, testing and surface treatments were performed on the long 
transverse face. Specimens were mechanically ground with 800, 1200 and 4000 grit 
silicon carbide paper and polished sequentially using 6, 3 and 1 µm diamond paste 
with mecaprex polishing liquid as lubricant. Following mechanical polishing, the 
specimens were degreased in acetone, rinsed in deionised water, and dried in a cold 
air stream.   
 
For anodising or electrochemical measurement, selected specimens were masked 
with lacquer1 to define a specific area. An area of 2 cm2 was exposed to the 
electrolyte for anodising. In the case of electrochemical measurement, the exposed 
area is 1 cm2. Following masking, the lacquer was allowed to cure in air for at least 
24 hours. 
 
                                                        
1
 45-stopping off lacquer, supplier: Macdermid Plc 
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3.3. Caustic etching 
Selected specimens were etched in a 10 wt. % NaOH solution at 333 K for various 
time periods ranging from 5 to 300 s. After etching, specimens were desmutted in a 
30 vol. % HNO3 solution for 30 s, then rinsed in deionised water and dried in a cold 
air stream. 
 
Different time periods of etching were employed to investigate the influence of 
etching time on the morphology and composition of surface/near-surface region. An 
etching time of 60 s was selected as the pretreatment for anodising.     
3.4. Testing 
3.4.1. Immersion testing 
The immersion testing was carried out on mechanically polished specimens in a 3.5 
wt. % NaCl solution in air at ambient temperature. Different time periods ranging 
from 30 min to 8 h were employed. Two post treatments were selected as required: 
 The tested specimens were rinsed in deionised water and then dried in a 
cold air stream. 
 The tested specimens were rinsed in deionised water and then desmutted in 
a 30 vol. % HNO3 solution for 30 s, followed by rinsing in deionised water 
and drying in a stream of cold air.  
 
Deionised water rinsing essentially halted corrosion of the alloy, whilst allowing 
major corrosion products to remain on the surfaces of the specimens. The subsequent 
desmutting, on the other hand, removed most of the corrosion products both on the 
surfaces and within the attacked regions. Different post treatments were selected 
according to the particular aspect of the ex-situ examination that was of interest. 
 
A selected specimen was immersed in the same way as described above, but the 
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surface of the specimen was monitored using a digital camera, which was fitted to an 
optical microscope. The development of localised corrosion and the associated 
phenomena were recorded.   
3.4.2. Potentiodynamic polarization 
The potentiodynamic polarization was carried out on mechanically polished 
specimens in a 3.5 wt. % NaCl solution at ambient temperature. A Solartron 1287 
potentiostat with a three-electrode system was employed. The working electrode, the 
reference electrode and the auxiliary electrode are the specimen, a saturated calomel 
electrode (SCE) and a platinum electrode respectively. A scanning rate of 0.5 mV/s 
was employed. Prior to polarization, the specimen was immersed in the solution for 
30 min to reach a relatively stable open circuit potential (OCP). The specimen was 
then polarized from -100 mV (OCP) to 1500 mV (OCP).   
3.5. Anodising  
3.5.1. Electrolytes  
Three different electrolytes were employed in the present work: 
 0.4 M (40g/l) sulphuric acid + 0.53 M (80g/l) tartaric acid;  
 0.34 M (35g/l chromium (VI) oxide) chromic acid; 
 0.1 M (54.4g/l ammonium pentaborate octahydrate) ammonium 
pentaborate. 
3.5.2. Anodising setup 
The schematic diagram of the setup for constant current density and constant voltage 
anodising is shown in Figure 3.3. The electrolyte was contained in a 250 ml glass 
beaker. A cylindrical pure aluminium foil was used as cathode. The specimen was 
the anode, which was positioned so that the surface to be anodised was completely 
immersed in the electrolyte and surrounded by the cathode. The anode and the 
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cathode were connected to the power supply with crocodile clips and conductive 
wires. A Solartron 1287 potentiostat was used for potentiodynamic anodising. In 
addition to the above setup, a water bath was used to control anodising temperature. 
3.5.3. Anodising procedure 
3.5.3.1. Constant current density anodising 
The anodising station was set up as illustrated in Figure 3.3. The D.C. power supply 
worked as a constant current source. A current density of 5 mA / cm2 was employed 
for all experiments. The amount of current applied to a specific specimen was the 
product of the exposed surface area of the specimen and the given current density. 
Both mechanically polished and alkaline etched specimens were anodised in 
ammonium pentaborate electrolyte at 293 K. During anodising, the voltage-time 
response was recorded. 
 
3.5.3.2. Constant voltage anodising 
The anodising station was set up as illustrated in Figure 3.3. The D.C. power supply 
worked as a constant voltage source. A constant voltage of 14 V was applied. Both 
mechanically polished and alkaline etched specimens were anodised in 
tartaric-sulphuric acid at 310 K. During anodising, the current density-time response 
was recorded. 
 
3.5.3.3. Potentiodynamic anodising 
A Solartron 1287 potentiostat was used. The specimens were either anodised from 
the OCP (0 V) to 12 V (SCE) at a scanning rate of 16.67 mV / s, or, from the OCP (0 
V) to various potentials up to 7.5 V (SCE) at a scanning rate of 0.5 mV / s. The time 
period for the specimens being immersed in the electrolyte prior to the 
commencement of the polarization was kept to minimum. Both mechanically 
polished and alkaline etched specimens were anodised in tartaric-sulphuric acid at 
ambient temperature. During anodising, the current density-time response was 
recorded. 
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3.5.3.4. Industrial standard anodising 
Two industrial standard anodising processes were employed. 
(i) Tartaric sulphuric acid anodising (TSAA)  
The voltage was manually increased to 14 V in the first 5 min at a step of 2.5-3 V/ 
min. The voltage was then maintained at 14 V for 20 min. The temperature of the 
electrolyte was maintained at 310 K using a water bath.   
(ii) Chromic acid anodising (CAA)  
The voltage was manually increased to 40 V in the first 10 min at a step of about 4 
V/ min. Subsequently, the voltage was maintained at 40 V for 20 min. Thereafter, the 
voltage was manually increased to 50 V in the followed 5 min at a step of about 2 V/ 
min before it was maintained at 50 V for another 5 min. The temperature of the 
electrolyte was maintained at 313 K using a water bath. 
3.6. Characterization 
3.6.1. Optical microscopy (OM) 
For general microstructure observation, specimens after mechanical polishing were 
etched in 20 wt. % NaOH solution at room temperature for 60 s. Then, etched 
specimens were desmutted in a 30 vol. % HNO3 solution for 30 s, followed by 
rinsing in deionised water and drying in a cold air stream. The specimens were 
examined using an Olympus BH-2 microscope equipped with a Leica DC 200 
MTV-3 camera. 
 
Further, specimens after immersion testing were also examined using optical 
microscope to observe the general morphology of corrosion.  
3.6.2. Scanning electron microscopy (SEM) 
Detailed examination of the morphology and composition of interesting regions on 
the surfaces and cross sections of the alloy after various treatments were performed 
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in either a Zeiss EVO 50 scanning electron microscope or a Philips XL 30 field 
emission gun scanning electron microscope (FEG-SEM), fitted with energy 
dispersive X-ray (EDX) facilities. A Zeiss Ultra 55 FEG-SEM was specially used for 
electron backscatter diffraction (EBSD) analysis and cross sectional views of 
selected anodic films.  
 
EBSD analysis was performed on both mechanically polished specimens and 
specimens after corrosion testing. Prior to EBSD analysis, specimens were etched in 
a 20 wt. % NaOH solution at room temperature for 60 s. Then, etched specimens 
were desmutted in a 30 vol. % HNO3 solution for 30 s, followed by rinsing in 
deionised water and drying in a cold air stream. The VMAP software was used to 
process the EBSD data. 
 
For SEM observation, the cross section blocks containing typical localised corrosion 
site were prepared by ultramicrotomy (Leica Ultracut) using a diamond knife, with 
the process schematically illustrated in Figure 3.4. First of all, a typical localised 
corrosion site was located and marked under an optical microscope (Figure 3.4 (a)). 
Then, a truncated pyramid having a tip face of ~200 µm width and ~1000 µm length 
was obtained, with the localised corrosion site located near the tip, by grinding using 
silicon carbide abrasive paper (Figure 3.4 (b)). The mechanically ground specimen 
was then fitted to the ultramicrotome, allowing the tip of the truncated pyramid to be 
trimmed with a glass knife. The tip face of the truncated pyramid was finally 
trimmed into a rectangle with dimensions of ~100 µm width and ~500 µm length 
(Figure 3.4 (c)). The ultimately prepared tip face was then cut with a diamond knife 
until the localised corrosion site was sectioned and a smooth surface was obtained 
(Figure 3.4 (d)). 
 
The cross section blocks of anodised specimens were prepared in a way similar to 
that described in Figure 3.4, except that it is usually not necessary to locate a specific 
area on the specimen. Instead, the examined areas were selected at random.  
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3.6.3. Transmission electron microscopy (TEM) 
Transmission electron microscopy was carried out using either a Joel 2000 FXII 
(fitted with EDX facility) or a FEI Tecnai G2 F30 transmission electron microscope 
(fitted with EDX facility and electron energy loss spectroscopy (EELS) system), 
operating at accelerating voltages of 120 and 300 kV respectively. Lattice images 
were obtained using the FEI Tecnai G2 F30 transmission electron microscope, with 
the data processed using Gatan Digital Micrograph software. Two methods, namely 
twin-jet electropolishing and ultramicrotomy, were employed to prepare TEM 
specimens. 
 
For microstructure characterization of AA 2099-T8 aluminium alloy, twin-jet 
electropolishing was selected. Discs of 3.0 mm diameter were punched from 
mechanical polished thin plate of approximately 50 µm thickness, followed by 
twin-jet electropolishing in a Tenupol-3 instrument at 20 V in a mixed solution of 30 
vol. % nitric acid and 70 vol. % methanol (cooled to about 243 K with liquid 
nitrogen). 
 
For other purpose, sections of the alloy and the attached films were generated by 
ultramicrotomy (Leica Ultracut) using a diamond knife [98]. First, thin strips were 
cut from the specimens. For encapsulating, each strip was mounted in a 00 size 
BEEM polyethylene capsule such that the strip was parallel to the axis of the capsule 
(Figure 3.5). The encapsulating resin consisted of Agar 100 epoxy resin, DDSA 
(dodecenylsuccinic anhydride, EM grade), MNA (methyl nadic anhydride, EM grade) 
and BDMA (benzyldimethylamine, c. 3%) in the proportions2 20 ml (24 g): 16 ml 
(16 g): 8 ml (10 g): 1.3 ml (1.5 g), and curing was carried out at 333 K for 48 h. Then, 
the capsule block containing the encapsulated strip was trimmed with grinding paper 
and a glass knife to form a truncated pyramid having an included semi-angle 60°. 
The tip face of the truncated pyramid was ultimately shaped to a rectangle with 
                                                        
2
 For relatively softer and harder resin, the proportions were altered to 20:22:5:1.4 and 20:9:12:1.2 by volume 
respectively. 
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dimensions of ~50 µm width and ~250 µm length (Figure 3.6). Following this, 
sections were generated using a diamond knife of cutting angle ca. 45 °, set with a 
clearance angle of 4 ° (Figure 3.7). The cutting speed and sectioning thickness were 
set at 0.15-0.3 mm/s and 15-25 nm respectively. Slices generated were collected 
from the knife water bath onto 400 mesh nickel grids, dried on a piece of filter paper 
and then examined in a transmission electron microscope. 
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Table 3.1 Composition of AA2099-T8 aluminium alloy (wt. %) 
Al 
[%] 
Cu 
[%] 
Li 
[%] 
Zn 
[%] 
Mg 
[%] 
Mn 
[%] 
Fe 
[%] 
Zr 
[ppm] 
Si 
[ppm] 
Ag 
[ppm] 
Others  
92.6 2.83 1.62 0.72 0.304 0.29 0.040 985 180 <1.5 Remainder 
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Figure 3.1. Picture of an AA 2099-T8 aluminium alloy component. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Schematic diagram showing the position where the specimens were 
prepared (short transverse view). 
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Figure 3.3. Schematic illustration of constant current density and constant voltage 
anodising setup.  
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Figure 3.4. Schematic diagrams illustrating the ultramicrotomy process (side view). 
White area shows removed material during each step of cutting.  
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Figure 3.5. Schematic diagrams showing an encapsulated specimen.  
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Figure 3.6. Schematic diagrams illustrating the encapsulated specimen after initial 
trimming. 
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Figure 3.7. Schematic diagrams showing the sectioning process of ultramicrotomy 
(top view). 
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4. Microstructure of AA 2099-T8 Aluminium Alloy 
Successful application of the AA 2099 aluminium alloy in aircraft structures requires 
a comprehensive understanding of the microstructure, with constituent particles and 
dispersoids being of particular interest in the present study since they can have 
significant impact on the corrosion resistance of the alloy. Therefore, this chapter is 
dedicated to microstructural characterisation of AA 2099-T8 aluminium alloy.  
4.1. General observations  
Bright features aligned parallel to the extrusion direction are shown in the secondary 
electron micrograph of etched AA 2099-T8 aluminium alloy (Figure 4.1 (a)). The 
bright features are not uniformly distributed, with their population density being 
higher and the spacing between them being narrower around the observed area. The 
corresponding backscattered electron micrograph (Figure 4.1 (b)) shows the same 
features as small dark spots. The dark spots are cavities which were generated by 
preferential attack during etching. The cavities are bright due to charging effect at 
the rims of the cavities. The cavities are mainly located at grain boundaries. The 
bright particles shown in Figure 4.1 (b) are sub-surface constituent particles. Figures 
4.1 (c) and (d) show a similar area at an increased magnification. 
 
EBSD analysis was performed on a region with a relatively high population density 
of bright features. A step size of 1 µm was used for mapping and 95 % of the 
examined area was indexed. The data obtained were then processed using VMAP 
software. Several elongated grains were revealed, as shown in different colours in 
Figure 4.2 (a). Subgrains from the same area are shown in Figure 4.2 (b). Most of the 
subgrains are fine and approximately equiaxed. Figure 4.2 (c) shows the 
misorientation map, where high angle grain boundaries (HAGBs, θ>15°) are shown 
as black lines and low angle grain boundaries (LAGBs, 1<θ<15°) as grey lines. The 
distribution of grain boundary misorientations, calculated from the misorientation 
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map of Figure 4.2 (c), is shown in Figure 4.2 (d), exhibiting more LAGBs (76 %) 
than HAGBs (24 %). 
4.2. Constituent particles  
A mechanically polished specimen rather than an etched specimen was used to 
examine the distribution and composition of constituent particles. The bright features 
in the backscattered electron micrograph of mechanically polished alloy are the 
constituent particles (Figure 4.3 (a)), which are aligned in the extrusion direction. 
The size of the constituent particles varies from a few micrometres to more than 
twenty micrometres, and their surface area fraction is in the range of 0.2-0.5 %. At 
an increased magnification (Figure 4.3 (b)), the contrast of the micrograph has been 
adjusted so that the aluminium matrix is black. Two types of constituent particles are 
seen, differentiated by their relative contrast. The micrograph also shows that the two 
types of particle are present individually or together. 
 
Several particles with mixed phases are revealed at a reduced accelerating voltage of 
5 kV (Figure 4.4), thereby limiting the penetration depth of the incident electron 
beam to ensure that the variation in contrast displayed in the backscattered electron 
micrographs arises mainly from compositional differences. All the micrographs 
show a common feature, namely relatively bright phases are located in the inner 
regions of the particles, whilst the phases of reduced brightness are located in the 
outer regions. This observation is significant for the understanding of the formation 
mechanism of the particles with mixed phases, as elucidated later in the discussion 
section.  
 
EDX analysis was performed on 60 randomly selected particles at an accelerating 
voltage of 20 kV (with a penetration depth of ~1.7 µm). Prior to EDX analysis, the 
contrast of the micrograph was adjusted so that particles of different brightness could 
be distinguished. The EDX spectra obtained from all the particles examined 
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collectively show yields from Al, Fe, Mn and Cu. Quantitative EDX analysis showed 
that the content of copper varied from 2.9 to 31 wt. %, and that of aluminium varied 
from 53.0 to 88.4 wt. %. For iron and manganese, their contents were less variable, 
with averages of 11.1 ± 3.0 wt. % and 7.1 ± 2.8 wt. % respectively. All the errors 
given here and in other places are based on the calculation of standard deviation.  
 
In order to obtain a more accurate evaluation of the compositions of the constituent 
particles, a 100 %-stacked-column diagram (Figure 4.5) was constructed with 
relative weight percentages of Al, Fe, Mn and Cu of the 60 individual particles. The 
particles were ranked in decreasing order of copper content from left to right. On the 
right side of the diagram, it is evident that the copper contents of the 20 
lowest-copper-containing particles (from 41 to 60) are similar, with an average of 4.0 
± 0.6 wt. %. They are hereafter referred to as low-copper-containing phases. On the 
left region of the diagram, the copper contents of the 20 highest-copper-containing 
particles (from 1 to 20) are scattered, with an average of 22.8 ± 4.5 wt. %. They are 
hereafter referred to as high-copper-containing phases. Table 4.1 shows the average 
compositions of the high-copper-containing and low-copper-containing phases, 
which were calculated from the 20 highest-copper-containing and 20 
lowest-copper-containing particles out of 60 randomly selected constituent particles. 
From the data presented in Table 4.1, it is clear that the contents of Fe and Mn are 
similar in the high-copper-containing and low-copper-containing phases. Those 
particles with medium copper contents (from 21 to 40) are assumed to be 
combinations of high-copper-containing and low-copper-containing phases since not 
all particles with mixed phases could be readily recognized and, even if they were, 
not all of them could be reliably analysed due to the relative large sphere of 
influence of the electron beam. In order to distinguish the particles with mixed 
phases from the individual phases, the former are hereafter referred to as multiphase 
particles. 
 
Further, EDX mapping analysis was performed on the multiphase particle shown in 
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Figure 4.4 (e). Elements such as Zn, Mg, Zr, Si, Ag, Ti and O were revealed in 
addition to Al, Fe, Mn and Cu, with the obtained EDX maps shown in Figure 4.6. 
The Al map suggests that the low-copper-containing phase contains increased 
aluminium compared with the high-copper-containing phase, in agreement with the 
spot EDX analysis. The differences in copper contents of the high-copper-containing 
and low-copper-containing phases are clearly revealed in the Cu map. According to 
the Fe and Mn maps, the concentrations of Fe and Mn are generally constant across 
the multiphase particle, regardless of the differences in copper content. Interestingly, 
elements like Zr, O, Si, Ag and Ti, which were not revealed in the spot EDX analysis, 
were detected across the multiphase particle. There is basically no magnesium in the 
multiphase particle. The map of Zn is featureless, suggesting that Zn is uniformly 
distributed in the particles and the alloy matrix.  
 
The same analysis was repeated on the multiphase particle shown in Figure 4.4 (f), 
with the result shown in Figure 4.7. The distribution of alloying elements in the 
multiphase particle is consistent with that shown in Figure 4.6, confirming similar 
alloying element distribution in all constituent particles of this type.  
4.3. Dispersoids 
Rectangular (~1 µm length and ~200 nm width) or spherical dispersoids (~200 nm 
diameter) are distributed randomly within the alloy matrix, as shown in the 
transmission electron micrograph of twin-jet electropolished foil of AA 2099-T8 
aluminium alloy (Figure 4.8 (a)). EDX spectra were generated on 5 rectangular and 5 
spherical dispersoids which were randomly selected. Individual spectra obtained 
from these dispersoids collectively show that both the rectangular and spherical 
dispersoids observed in Figure 4.8 (a) contain Al, Mn and Cu. The rectangular and 
spherical shapes correspond to long and short transverse faces of a rod-like shape. 
Figures 4.9 (a) and (b) show the rod-like dispersoids at an increased magnification 
with the corresponding EELS map. The rod-like dispersoids are revealed as bright 
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regions in the EELS map of lithium (Figure 4.9 (b)), suggesting that they are rich in 
lithium. Note that lithium is undetectable by EDX analysis. Consequently, it is 
concluded that the rod-like dispersoids contain Al, Mn, Cu and Li. The dispersoids 
are therefore Al-Cu-Mn-Li intermetallics. 
 
A high angle annular dark field (HAADF) micrograph of twin-jet electropolished 
foil of AA 2099-T8 aluminium alloy foil is shown in Figure 4.10 (a), where the 
contrast is given by differences in atomic number. Two types of distinctive features, 
i.e. light needle-like features of approximately 50 nm length and light spheres of 
approximately 25-30 nm diameter, are revealed in this micrograph. The light needles 
are precipitates which are discussed later. An EDX line scan performed across two 
light spheres (Figure 4.10 (b)) shows zirconium in the light spheres, suggesting the 
presence of the β ′ (Al3Zr) phase (structure: cubic, a=0.408 nm; lattice group: LI2), 
which has been observed in zirconium-containing aluminium alloys [53]. 
4.4. Precipitates within alloy matrix 
Needle-like precipitates on {100} and {111} planes are shown in Figure 4.11, 
viewed along the [011] axis. The precipitates on {100} planes are ~25-50 nm long. 
Dark shadows are revealed around these precipitates, suggesting the presence of a 
strain field. The precipitates on {111} planes are ~50-100 nm long and occur less 
frequently relative to precipitates on the {100} planes. Coffee-bean-like contrast was 
occasionally observed around the precipitates on the {100} planes (Figure 4.12), 
representing the strain field introduced by coherent precipitates. The {111} and {100} 
precipitates are distinguished in the HAADF images viewed along the [011] axis 
(Figures 4.13 (a)) and the [001] axis (Figures 4.13 (b)) respectively. The spherical 
spots in Figure 4.13 (a) are β ′ (Al3Zr) dispersoids. EELS analysis was performed on 
a region containing needle-like precipitates on the {100} and {111} planes (Figure 
4.14 (a)). The EELS map of copper and lithium (Figures 4.12 (b) and (c) respectively) 
indicate that both precipitates contain copper, with lithium in the {111} precipitates, 
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as indicated by arrows. Weak traces of lithium are also revealed in the vicinity of the 
{100} precipitates. Further EELS analysis was performed on a different region 
(Figure 4.15), with particular interest in the traces of lithium around the {100} 
precipitates. Comparing Figures 4.15 (a) and (b), it is revealed that the {100} 
precipitates in the bright field image correspond to lenticular lithium-rich contrasts in 
the lithium map, with some of the sites indicated by circles, suggesting 
co-precipitation of the {100} precipitates and other lithium-containing precipitates. It 
is also noticed that, at some sites (indicated by arrows), spherical lithium-rich 
contrasts are revealed in the lithium map but no {100} precipitates at corresponding 
sites in the bright field image, suggesting the precipitation of lithium-containing 
precipitates in the alloy matrix. 
 
The selected area diffraction (SAD) pattern taken from the region shown in Figure 
11 is displayed in Figure 16 (a), viewed along the [011] axis. Three sets of 
diffraction spots, including aluminium matrix diffraction spots, are revealed in the 
SAD pattern, which has been schematically reconstructed and indexed in Figure 16 
(b). The superlattice spots (open circles) are from the δ ′ (Al3Li) phase (structure: 
cubic, a=0.401 nm; space group: Pm-3m; orientation relationship: ( )δ ′100 // ( )Al100 , 
[ ]δ ′001 // [ ]Al001  [31, 32]) in the [011] projection. The diffraction spots at 1/3 
[ ]Al101  (small dark spots) are from T1 phase (structure: hexagonal, a=0.496 nm, 
c=0.935 nm; space group: P6/mmm; orientation relationship: ( )
1
0001 T // ( )Al111 , 
[ ]
1
0110 T // [ ]Al011 ; habit plane: {111} [36]) in the [0001] projection. Thus, the Cu- 
and Li-containing precipitates on the {111} planes are confirmed as T1 phase.  
 
A dark field transmission electron micrograph using the (1 0 0) reflection of the 
δ ′ (Al3Li) phase is shown in Figure 4.17 (a), revealing a high population density of 
δ ′  phase within the alloy matrix. Two types of morphology of the δ ′ phase are 
revealed. One is spherical, with a diameter of approximately 10 nm (Inset 1). The 
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other is lenticular with long and short axes of ~25 nm and ~5 nm respectively, and 
appears in pair separated by a narrow dark band (Inset 2). Coincidently, the dark 
bands correspond to the locations of {100} precipitates, as suggested in the 
corresponding bright field image of Figure 17 (b)). Thus, it is evident that the δ ′  
phase has precipitated on the side faces of the {100} precipitate needles. 
 
The lattice image of two {100} precipitates, viewed along the [001]Al axis, is shown 
in Figure 18. The interplanar distances of the two precipitates are 0.585 nm, which is 
consistent with that of (001) plane of the θ ′ (Al2Cu) phase (structure: tetragonal, 
a=0.404 nm, b=0.58 nm; space group: I-4m2; orientation relationship: 
θ ′(100) // Al(100) , θ ′[001] // Al[001] ; habit plane: {100} [32, 116]). Thus, it is 
confirmed that the previously identified copper-containing {100} precipitates are the 
θ ′  phase. Close examination of the lattice image also reveals a lenticular region in 
the vicinity of the θ ′  phase. The long and short axes of the lenticular area are ~22 
nm and ~6 nm respectively, close to the dimensions of the lenticular δ ′  phase 
precipitating on the side faces of the {100} precipitate needles. Therefore, it is 
confirmed that the δ ′  phase co-precipitates with the θ ′  phase.         
4.5. Precipitates at grain boundaries 
Backscattered electron micrographs of ultramicrotomed blocks of the alloy (Figure 
4.19) show precipitates at grain boundaries. The precipitates appear as thin and 
continuous lines (Figure 4.19 (a)), suggesting a relatively fine and continuous 
distribution of precipitates on these grain boundaries. Occasionally, relatively large 
and discontinuous precipitates (indicated by arrows in Figure 4.19 (b)) are also 
evident at grain boundaries, in addition to the continuous grain boundary precipitates. 
The relatively large precipitates are elongated along grain boundaries, suggesting a 
dependence of their growth on grain boundaries. 
 
A bright field transmission electron micrograph of grain boundary precipitates is 
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shown in Figure 4.20 (a).The precipitates on the examined boundaries are fine 
needles in general, with a high population density. The misorientations (θ) between 
the examined grains were determined according to the diffraction patterns of each 
grain (insets), showing low angle grain boundaries (≦1.0°). Figure 4.20 (b) shows 
the area indicated by Frame 1 in Figure 4.20 (a) at an increased magnification, 
revealing the precipitates at a grain boundary in detail. A lattice image of a grain 
boundary precipitate is displayed in Figure 4.20 (c), with the Fast Fourier 
Transformation (FFT) pattern taken from the framed region shown in the inset. 
According to the FFT pattern, the examined precipitate is T1 phase. Figures 4.20 (d) 
shows the area indicated by Frame 2 in Figure 4.20 (a) at an increased magnification, 
and the corresponding dark field image taken using the (1 0 -1 0) reflection of T1 
(Al2CuLi) phase (Figures 4.20 (e)), confirming the presence of T1 phase at grain 
boundaries. 
 
Figure 4.21 (a) shows a bright field image from a different region, viewed along the 
[011] zone axis, again revealing grain boundary precipitates. The corresponding dark 
field image (Figure 4.21 (b)), taken using the (1 0 0) reflection of the δ ′ (Al3Li) 
phase, displaying δ ′  phase within the matrix of three grains (i.e. Grains A, B and C, 
as indicated). The δ ′ (Al3Li) phase is revealed within all of the three grains, 
suggesting low angle grain boundaries between them. Thin dark bands are revealed 
in boundary regions (indicated by arrows in Figure 4.21 (b)), corresponding to grain 
boundary precipitation shown in the bright field image, indicating absence of 
δ ′ (Al3Li) phase in these locations. The widths of the dark bands are comparable 
with those of the grain boundary precipitation, suggesting that no precipitate free 
zones (PFZs) are generated as a consequence of T1 precipitation at grain boundaries. 
The relatively large spheres in the dark field image, as indicated by circles, are 
δ ′ (Al3Li) phase that has co-precipitated with the β ′ (Al3Zr) dispersoids [53, 117]. 
 
Precipitates at some grain boundaries are revealed as thin and continuous lines even 
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at very high magnification (Figure 4.22), instead of precipitate needles as shown in 
Figures 4.20 (a) and (b). The misorientation between the examined grains in Figure 
4.22 (a) was 2.1°, similar to that in Figure 4.20 (a), suggesting that misorientation is 
unlikely to be responsible for such difference. The appearance of grain boundary 
precipitates should essentially depend on the sectioning position with respect to the 
grain boundary planes and the orientations of the grain boundary planes being 
observed, which can be verified by comparing the morphologies of the precipitates 
on the same boundary before and after tilting the TEM sample. Figures 4.23 (a) and 
(b) show boundary precipitates at the same site but viewed in different zone axis, 
displaying change in appearance from platelets (Figure 4.23 (a)) to needles (Figure 
4.23 (b)). T1 phase of different morphologies is also evident in Figures 4.24 (a) and 
(b), which are dark field images taken using reflections of T1 phase. Close 
examination of Figure 4.24 (b) shows three clusters of T1 phase (indicated by arrows) 
that are distributed within the matrix of a grain, suggesting preferential precipitation 
of T1 phase at subgrain boundaries or dislocation walls.  
 
Figure 4.25 (a) shows a HAADF image of twin-jet electropolished foil of the alloy, 
revealing precipitates at grain boundaries at a triple point, with precipitates (T1 and 
θ′ , bright needles) and dispersoids ( β ′ , bright spheres) also revealed within the 
matrix of grains. Evidently, the boundary precipitates on the right of the image 
(indicated by arrows) are different from these on the left of the image, revealed as 
discontinuous particles elongated along the boundary planes. The discontinuous 
particles observed here are comparable with those observed in Figure 4.19 (b). EDX 
analysis performed on one of the particles (indicated by the red circle) detected 
increased levels of copper and oxygen, with the latter arising from the presence of an 
oxide/hydrated oxide on the foil surface.   
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4.6. Discussion 
4.6.1. Multiphase particles 
Al-Fe-Mn-Cu constituent particles, with different copper contents, are present 
individually or together in the form of multiphase particles in AA 2099-T8 
aluminium alloy extrusion. For the Al-Fe-Mn-Cu multiphase particle, the 
high-copper-containing phase is located in the central region and 
low-copper-containing phase in the peripheral region. Similar multiphase particles 
were observed in the work of Campestrini et al. [118], who reported a type of 
multiphase particle with an Al-Cu-Fe-Mn-Si core and an Al-Cu-Mg shell in an AA 
2024-T3 rolled sheet. They suggested that the shell phase formed due to a delayed 
quench after the homogenisation treatment. During the time spent in air after the 
homogenization treatment, dissolution of small Al-Cu-Mg particles proceeded. 
Subsequently, copper and magnesium diffused and precipitated in the form of 
Al-Cu-Mg particles at the interface between the matrix and the Al-Cu-Mn-Fe-Si 
particles, which acted as favourable nucleation sites. Recently, Boag et al. [76] also 
reported a multiphase particle in an AA 2024 aluminium alloy, which had different 
compositions in the central and the peripheral regions. However, no comment was 
made on the formation of such multiphase particles. 
 
In the present work, the observation of Al-Fe-Mn-Cu multiphase particles in AA 
2099-T8 aluminium alloy extrusion enables understanding of the formation 
mechanism of the multiphase particles to be advanced. Firstly, the 
low-copper-containing phases are unlikely to be formed at the interface between the 
matrix and the high-copper-containing phases during homogenization, because the 
solubility of Fe in Al is extremely low, with a maximum of 0.052 wt % at 928 K 
[119]. It is therefore reasonable to deduce that there is not sufficient Fe available in 
solid solution to allow formation of such Fe-rich particles during homogenization. 
Secondly, low-copper-containing phases are unlikely to be formed during casting as a 
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result of the constitutional undercooling effects, since the copper content in the melt 
is high relative to Fe and Mn and the melting point of Cu is lower than those of Fe 
and Mn. This implies that Fe and Mn would precipitate from the melt and become 
depleted in the melt, ahead of Cu. Proceeding further, it is probable that the resultant 
multiphase particles should have cores rich in Fe and Mn, and peripheries depleted in 
Fe and Mn. This deduction contradicts the findings that the contents of Fe and Mn 
are similar in both high-copper-containing and low-copper-containing phases and the 
multiphase particles have cores of high copper and peripheries of reduced copper.   
 
It is believed that the high-copper-containing phases themselves were formed during 
casting [120] and the multiphase particles were formed as a consequence of diffusion 
of copper from the external region of the high-copper-containing phases into 
surrounding alloy matrix. The diffusion might occur during homogenisation and/or 
subsequent thermomechanical processing. Copper atoms migrated out from regions 
of high copper concentration (high-copper-containing phases) to regions of low 
copper concentration (alloy matrix) in certain circumstances, due to the steep 
concentration gradient of copper at the particle/matrix interface and the relatively 
high solid solubility of copper in aluminium (5.65 wt % at 821 K [119]). Depending 
on the conditions of the heat treatment and thermomechanical processing, different 
types of constituent particles were formed. Specifically, if copper atoms in the outer 
region of the originally formed particles diffused into the alloy matrix, Al-Fe-Mn-Cu 
multiphase particles with cores of high copper and shells of reduced copper were 
formed; if copper atoms across the whole body of the originally formed particles 
diffused into the alloy matrix, individual low-copper-containing phases were formed. 
It is noted that not all of the observed multiphase particles have a typical 
core-and-shell morphology. This is probably because some of the multiphase 
particles have been broken and redistributed during fabrication. 
 
The inhomogeneity of the chemical composition of the multiphase particles may 
result in inhomogeneity of the surface potential and, consequently, highly localized 
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galvanic coupling can develop within the multiphase particles. In AA 2024 
aluminium alloy, multiphase particles with Al-Cu-Mn-Fe-Si cores and Al-Cu-Mg 
shells modified the corrosion mechanism of the alloy under selected conditions from 
general corrosion to localized corrosion [118]. The influence of the multiphase 
particles in AA 2099-T8 aluminium alloy extrusion on the localized corrosion of the 
alloy is currently being investigated.  
 
The present work is based on an extrusion with the aim of determining its 
microstructure in as fabricated condition. This restricts the exploring of the 
mechanism of phase transformation that the constituent particles have experienced 
during casting, homogenisation and subsequent thermomechanical processing. 
Therefore, a more comprehensive understanding of the evolution of constituent 
particles, particularly the multiphase particles, requires further investigation with 
consideration of the full history of fabrication process. 
4.6.2. Coprecipitation of the δ ′ (Al3Li) phase and other phases 
It is indicated that the δ ′  phase can co-precipitate with θ′ phase in AA 2099-T8 
aluminium alloy. Similar phenomena were observed in other Al-Cu-Li alloys. Tosten 
et al. [117] reported a tri-modal distribution of the δ ′  phase during short term aging 
of Al-Cu-Li alloys, namely small sphericalδ ′ ; δ ′  which coated the coherent θ′ 
phase; δ ′  which encapsulated the coherent β ′ phase. Yoshimura et al [121] studied 
the early stage precipitation in Al-Cu-Li alloys, revealing that the δ ′  phase 
nucleated and grew on lateral sides of GP-Ι zones. Terrones et al. [122] reported both 
duplex (δ ′  / T1) and triplex (δ ′ / β ′ / T1 and δ ′ / β ′ / θ′) co-precipitation in an AA 
2090 aluminium alloy. 
 
Concerning the driving force for co-precipitation of the δ ′  phase and other phases, 
it is believed that nucleation of the δ ′  phase around GP (1) zones acts as a buffer 
zone to accommodate the strain that exists around GP (1) zones [121]; the decrease 
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of misfit energy and surface energy is responsible for the co-precipitation of δ ′and 
β ′ phases [53]. Concerning the triplex co-precipitation such as δ ′ / β ′ / T1 and δ ′ / 
β ′ / θ′, it is believed that the plate-like T1 and θ′ phases serve as preferential sites for 
the nucleation of either δ ′  or δ ′ / β ′  spherical particles [122]. It is believed that 
the driving force for co-precipitation of the δ ′  phase and θ′ phase is similar to that 
for co-precipitation of the δ ′  phase and GP (1) zones. The presence of shadows 
(Figure 4.11) and coffee-bean-like contrast (Figure 4.12) around θ′ phase are 
evidence of the stain field, which is associated with the semi-coherency of θ′ phase 
with respect to the aluminium matrix. 
4.6.3. Grain boundary precipitates 
The main boundary precipitates in AA 2099-T8 aluminium alloy have been 
characterized as T1 phase, in agreement with previous work on the AF/C 458 alloy 
[12-16]. Most of the examined grain boundaries with precipitates are low angle grain 
boundaries (θ<15°) as a high population density of LAGBs (up to ~85%) is present 
in the alloy. EDX analyses of the relatively large precipitates at grain boundaries 
indicate that they are rich in copper. The absence of iron and manganese within the 
particles suggests that they are neither the Al-Fe-Mn-Cu constituent particles nor the 
Al-Cu-Mn-Li dispersoids coincidently appearing in boundary regions. The detection 
of oxygen in the particles suggests their increased susceptibility to oxidation 
compared with the aluminium matrix, probably due to the presence of highly active 
elements such as lithium in the particles. According to the literature [12, 13], the 
relatively large precipitates on the grain boundaries of the alloy are T2 (Al6CuLi3) 
and/or TB (Al7Cu4Li) phases. 
4.7. Summary 
In AA 2099-T8 aluminium alloy, grains are elongated in the extrusion direction and 
are surrounded by HAGBs. Subgrains are approximately equiaxed and decorated 
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with LAGBs. There are more LAGBs than HAGBs in the examined extrusion. 
 
The constituent particles in AA 2099-T8 aluminium alloy are aligned in the extrusion 
direction, with a surface area fraction of 0.2-0.5 %. They mainly contain Al, Fe, Mn 
and Cu and fall into two groups of high and reduced contents of copper. The 
low-copper-containing and high-copper-containing phases are present individually or 
together in the form of multiphase particles with high-copper-containing phases in 
the central regions. 
 
The main dispersoids in AA 2099-T8 aluminium alloy are rod-like Al-Cu-Mn-Li 
dispersoids (~1 µm length and ~200 nm diameter) and spherical β ′ (Al3Zr) 
dispersoids (~25-30 nm diameter).  
 
The main precipitates within the matrix of AA 2099-T8 aluminium alloy are 
δ ′ (Al3Li), T1 (Al2CuLi), θ ′ (Al2Cu). δ ′  can co-precipitate with  the θ ′  phase 
and β ′  phase.   
 
The main boundary precipitates in AA 2099-T8 aluminium alloy are T1 phase. 
Relatively larger precipitates, which are probably the T2 or TB phase, were also 
occasionally observed at grain boundaries. 
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Table 4.1: Average composition of the low-copper-containing phase and 
high-copper-containing phase (wt %)  
 
 Low-copper-containing phase High-copper-containing phase 
Al 75.7 ± 3.0 58.3 ± 4.6 
Mn 8.5 ± 1.7 6.5 ± 1.9 
Fe 11.9 ± 2.0 12.4 ± 1.9 
Cu 4.0 ± 0.6 22.8 ± 4.5 
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Figure 4.1. (a) Secondary and (b) backscattered electron micrographs of AA 2099-T8 
aluminium alloy.  
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Figure 4.2. EBSD analysis of etched AA 2099-T8 aluminium alloy: (a) distribution 
of grains; (b) distribution of subgrains; (c) misorientation map; and (d) distribution 
of boundary misorientations. The misorientations of low angle grain boundary and 
high angle grain boundary are defined as 1<θ<15° and θ>15° respectively.  
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Figure 4.3. Backscattered electron micrographs of mechanically polished AA 
2099-T8 aluminium alloy, showing distribution of constituent particles at (a) low and 
(b) increased magnifications.  
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Figure 4.4. Backscattered electron micrographs of mechanically polished AA 
2099-T8 aluminium alloy, showing particles with mixed phases. 
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Figure 4.5. 100%-stacked-column diagram constructed with relative weight 
percentages of Al, Fe, Mn and Cu of 60 individual constituent particles. Particles 
were ranked in decreasing order of copper content from left to right. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cu-depleted particles Cu-rich particles 
 Multiphase particles 
Chapter 4: Microstructure of AA 2099-T8 Aluminium Alloy  
 106 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. EDX mapping of the multiphase particle shown in Figure 4.4 (e). 
 
10 µm 
Al 
Mn Fe Zr 
Ag Si O 
Mg Zn Ti 
Cu 
Chapter 4: Microstructure of AA 2099-T8 Aluminium Alloy  
 107 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. EDX mapping of the multiphase particle shown in Figure 4.4 (f). 
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Figure 4.8. (a) A transmission electron micrograph of twin-jet electropolished foil of 
AA 2099-T8 aluminium alloy; (b) EDX spectrum from a rod-like dispersoid.  
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Figure 4.9. (a) A transmission electron micrograph and (b) corresponding EELS map 
of lithium. The lithium map was taken using post-edge energy of 55-60 eV, pre-edge 
1 energy of 40-45 eV and pre-edge 2 energy of 45-50 eV. 
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Figure 4.10. (a) A high angle annular dark field (HAADF) micrograph, viewed along 
the [012] axis; (b) EDX line profile of zirconium across two light spheres. 
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Figure 4.11. A bright field transmission electron micrograph of twin-jet 
electropolished foil of AA 2099-T8 aluminium alloy, viewed along the [011]Al axis. 
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Figure 4.12. A bright field transmission electron micrograph of twin-jet 
electropolished foil of AA 2099-T8 aluminium alloy, showing strain field around the 
{100} precipitates, viewed along the [001]Al axis. 
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Figure 4.13. HAADF micrographs of twin-jet electropolished foil of AA 2099-T8 
aluminium alloy, showing (a) the {111} precipitates and (b) {100} precipitates, 
viewed along the [011]
 Al and [001] Al axis respectively. 
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Figure 4.14. (a) A bright field transmission electron micrograph and corresponding 
EELS maps of (b) copper and (c) lithium. 
 
 
 
 
 
 
 
 
 
 
Figure 4.15. (a) A bright field transmission electron micrograph and (b) 
corresponding EELS map of lithium. 
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Figure 4.16. (a) A selected area diffraction pattern along the [011]Al axis and (b) 
schematically reconstructed SAD pattern. 
 
 
 
 
 
(a) 
(b) 
Chapter 4: Microstructure of AA 2099-T8 Aluminium Alloy  
 116 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17. (a) A dark field transmission electron micrograph of twin-jet 
electropolished foil of AA 2099-T8 aluminium alloy, using the (1 0 0) reflection of 
the δ ′ (Al3Li) phase; and (b) corresponding bright field image viewed along the 
[011]Al axis. Insets 1 and 2 in (a) show the spherical and lenticular δ ′ (Al3Li) phase 
at an increased magnification. 
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Figure 4.18. A lattice image of two {100} precipitate needles in AA 2099-T8 
aluminium alloy. 
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Figure 4.19. Backscattered electron micrographs of ultramicrotomed AA 2099-T8 
aluminium alloy, showing (a) a network of grain boundary precipitates; and (b) 
coarse grain boundary precipitates in addition to the network of grain boundary 
precipitates. 
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Figure 4.20. (a) A bright field transmission electron micrograph of twin-jet 
electropolished foil of AA 2099-T8 aluminium alloy; (b) the region indicated by 
Frame 1 at an increased magnification; (c) a lattice image of grain boundary 
precipitates; (d) the region indicated by Frame 2 at an increased magnification; and 
(e) corresponding dark field image. 
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Figure 4.20. Continued. 
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Figure 4.20. Continued. 
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Figure 4.20. Continued. 
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Figure 4.21. (a) A bright field transmission electron micrograph of twin-jet 
electropolished foil of AA 2099-T8 aluminium alloy; and (b) corresponding dark 
field image. 
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Figure 4.22. Bright field transmission electron micrographs of twin-jet 
electropolished foil of AA 2099-T8 aluminium alloy, showing grain boundary 
precipitates in the form of thin and continuous lines. 
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Figure 4.23. Bright field transmission electron micrographs of twin-jet 
electropolished foil of AA 2099-T8 aluminium alloy, showing grain boundary 
precipitates of the same region but viewed in different zone axis. 
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Figure 4.24. Dark field transmission electron micrographs of twin-jet electropolished 
foil of AA 2099-T8 aluminium alloy, showing boundary T1 phase with different 
morphologies. 
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Figure 4.25. (a) A HAADF image of twin-jet electropolished foil of AA 2099-T8 
aluminium alloy, showing both fine and coarse grain boundary precipitates; and (b) 
EDX spectrum obtained from the position indicated by the red circle in (a).  
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5. Localised Corrosion in AA 2099-T8 Aluminium Alloy 
A heterogeneous microstructure has been developed in AA 2099-T8 aluminium alloy 
to obtain desirable mechanical properties; however, the impact of such 
microstructure on corrosion resistance of the alloy is not clear. Therefore, this 
chapter studies corrosion behaviour of AA 2099-T8 aluminium alloy, with particular 
interest in the correlation between the alloy microstructure and the corrosion 
behaviour.  
5.1. Intermetallic-related localised corrosion 
Cavities, with dimensions ranging from hundreds of nanometres to several 
micrometres, are revealed in the scanning electron micrograph of the alloy after 
immersion in a 3.5 wt. % NaCl solution for 1 h (Figure 5.1 (a)). Additionally, bright 
particles of micrometre scale dimensions are also revealed on the surface of the 
immersed alloy, as indicated by arrows. The distribution of the cavities of 
micrometre scale dimensions is consistent with that of the constituent particles, 
suggesting a correlation between the cavities and the constituent particles. EDX 
analyses indicate that the bright regions are residual constituent particles. The 
cavities of nanometre scale dimensions, as suggested later, arise from Al-Cu-Mn-Li 
dispersoids. The scanning electron micrograph of the alloy after immersion in a 3.5 
wt. % NaCl solution for 5 h (Figure 5.1 (b)), again reveals cavities with dimensions 
ranging from hundreds of nanometres to several micrometres, but with increased 
population densities. Several residual constituent particles are also revealed 
(indicated by arrows).  
 
A typical cavity of micrometre scale dimensions and several residual constituent 
particles on the surface of the alloy after immersion in a 3.5 wt. % NaCl solution for 
5 h are shown in Figure 5.2 at increased magnifications. The dimensions of the 
cavity shown in Figure 5.2 (a) are 2-4 µm width and ~7 µm length, which are in the 
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same order of magnitude as the dimensions of the constituent particles. Within the 
cavity, corrosion product is discernable. A particle of ~1 µm width and ~4 µm length 
is revealed in Figure 5.2 (b), where trenching around the particle is evident. EDX 
analysis confirms that this is a low-copper-containing Al-Fe-Mn-Cu constituent 
particle. Figure 5.2 (c) shows a particle of ~3 µm width and ~8 µm length, revealing 
different corrosion morphology in the central and the peripheral regions of the 
particle. Trenching around the particle is also evident. In addition, small bright 
nanoparticles are revealed on inner regions of the particle. EDX mapping of the 
particle shown in Figure 5.2 (c) is shown in Figure 5.3. Comparing the Fe map and 
Cu map, it is suggested that this particle corresponds to a multiphase particle having 
a high-copper-containing Al-Fe-Mn-Cu phase core and a low-copper-containing 
Al-Fe-Mn-Cu phase shell. The bright nanoparticles in the secondary electron 
micrograph are brighter than other region of the particle in the Cu map, suggesting 
that the bright nanoparticles are rich in copper. Relatively weak manganese signal 
was detected in the multiphase particle, suggesting that dealloying occurred probably 
by preferential dissolution of manganese and aluminium.  
 
Small cavities of nanometre scale dimensions in the surface of the alloy after 
immersion in a 3.5 wt. % NaCl solution for 5 h are shown in Figure 5.4. The 
dimensions of the small cavities are in the range of 300-500 nm, which are in the 
same order of magnitude as the dimensions of the rod-like Al-Cu-Mn-Li dispersoids 
(200-1000 nm), suggesting a correlation between the cavities and the Al-Cu-Mn-Li 
dispersoids. Dark rings around the cavities represent corrosion product in the wall 
regions of the cavities. Inset of Figure 5.4 shows a typical small cavity at an 
increased magnification, revealing a scalloped and porous morphology in the wall 
region of the cavity. 
 
Cross sections of selected cavities were prepared by ultramicrotomy from the alloy 
after immersion in a 3.5 wt. % NaCl solution for 5 h. The cross section of a cavity of 
~3.5 µm depth is shown in Figure 5.5 (a), revealing a layer of corrosion product 
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(indicated by the arrow) in the wall region of the cavity. No evidence shows 
corrosion attack beneath the corrosion product layer. The cross section of a cavity of 
~3.0 µm depth with residual particle is shown in Figure 5.5 (b). Similarly a corrosion 
product layer (indicated by the arrow) in the wall region of the cavity is evident. No 
sign of corrosion attack beneath the corrosion product layer was observed.  
5.2. Severe localised corrosion 
A different type of localised corrosion with dimensions of the attack sites over tens 
of micrometres (hereafter referred to as severe localised corrosion) are also revealed 
in the immersed alloy. The severe localised corrosion become visually observable as 
early as 5 min after immersion and lasted for several hours. An image frame from the 
recorded video sequence after immersing the alloy in a 3.5 wt. % NaCl solution for 
about 14 min is shown in Figure 5.6 (a), displaying 6 severe localised corrosion sites, 
which were identified either by visible H2 evolution (indicated by the circle) or by 
formation of gas bubbles (indicated by white arrows) at the attack sites. After further 
immersion to 33 min (Figure 5.6 (b)), 8 additional severe localised corrosion sites 
are revealed in the same region, as indicated by black arrows. At the same time, most 
of the previously observed gas bubbles (indicated by white arrows) burst, with 
development of light rings and enclosed dark areas around the attack sites. An 
exception is the site indicated by a white double-headed arrow in Figure 5.6 (b), 
where the gas bubble remained. The light rings are deposited corrosion product; the 
enclosed dark areas are free of corrosion product or covered with corrosion product 
of much reduced amount. After immersion for about 30 min, H2 evolution in the 
circled area could not be detected by the camera and no evident H2 evolution was 
detected at other sites of burst bubbles either. However, more corrosion product 
comprising the external rings was observed to be deposited around the attack sites 
with increasing time, suggesting that the severe localised corrosion sites were still 
active even if H2 evolution could not be detected by the camera. There are a total of 
14 severe localised corrosion sites in the examined area (1.54 cm2), which gives a 
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population density of 9 severe localised corrosion sites per square centimetre.  
 
Figures 5.7 (a) and (b) show optical micrographs of the alloy after immersion in a 
3.5 wt. % NaCl solution for 5 h, revealing several severe localised corrosion sites. 
The severe localised corrosion sites (indicated by either black or white arrows) are 
characterised by rings of corrosion product, typically 100-300 µm in diameter and 
symmetric, but sometimes larger and asymmetric. The morphology of the attack sites 
indicated by the black arrows slightly differs from that of the attack sites indicated 
by the white arrows. Specifically, for the former, the boundary of the ring is sharp 
and the enclosed interior is free of corrosion product except a dome of corrosion 
product. The circled areas in Figures 5.7 (a) and (b) correspond to two asymmetric 
corrosion product rings associated with attack sites A and B. The asymmetric shape 
of the corrosion product rings was caused by extensive evolution of H2 gas at local 
sites. The attack sites A and B are elongated in the extrusion direction with lengths of 
250 and 200 µm respectively. 45 corrosion product rings were visually observed on 
an area of 4.5 cm2 after immersion for 5 h, which gives a population density of 10 
severe localised corrosion sites per square centimetre. This is consistent with the 
population density after 33 min of immersion, suggesting that few severe localised 
corrosion sites were initiated after immersion for about one-half of an hour.   
 
Typical severe localised corrosion sites after immersion in a 3.5 wt. % NaCl solution 
for 8 h are displayed in Figures 5.8 (a) and (b), which were imaged after desmutting 
to reveal the surface morphology beneath the corrosion product. Two severe 
localised corrosion sites are revealed in Figure 5.8 (a), with a circle-like feature and 
a circular area (indicated by the dashed line circle) around each attack site. 
Apparently, the circular area is less corroded compared with its sounding region and, 
hereafter, referred to as protected area. The diameters of the circle-like features and 
the protected areas are ~143 µm and ~403 µm for the relatively larger attack site and 
~59 µm and ~143 µm for the smaller one. The size of the protected area is 
approximately proportional to the size of the circle-like feature. The severe localised 
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corrosion site shown in Figure 5.8 (b) differs from that shown in Figure 5.8 (a) in 
that there is not a circle-like feature around the attack site.  
 
In addition to the typical morphology of the severe localised corrosion shown in 
Figure 5.8, other distinct features are also occasionally revealed, as shown in Figure 
5.9 (after desmutting). A semi-sphere of ~57 µm diameter is revealed in Figure 5.9 
(a). The surface material of the semi-sphere is gel-like and semi-transparent in the 
secondary electron micrograph. Inside the semi-sphere, attack in the alloy substrate 
is evident. Two concentric circles with diameters of ~97 µm and ~55 µm and a small 
cavity at the centre of the attack are shown in Figure 5.9 (b). The diameters of the 
concentric circles shown in Figure 5.9 (b) is close to the diameter of the semi-sphere 
shown in Figure 5.9 (a), suggesting a correlation between the concentric circles and 
the semi-sphere. Probably, the concentric circles are left by remnants of semi-spheres 
that might have burst. This is supported by Figure 5.9 (c), showing a circle-like 
feature of ~47 µm diameter with residual material at its circumference. Figure 5.9 (d) 
shows a corrosion product dome over an attack site, with increased levels of oxygen 
and chloride being detected in the corrosion product by EDX. 
 
In order to help the understanding of the mechanism of the severe localised corrosion, 
10 randomly selected localised corrosion sites, with or without a circle-like feature, 
were further investigated. Without exception, grain boundary attack is revealed in the 
central regions of all the severe localised corrosion sites. Scanning electron 
micrographs of the typical localised corrosion sites with and without a circle-like 
feature are shown in Figures 5.10 (a) and (b) respectively.  
 
Scanning electron micrograph of the cross section of a severe localised corrosion site 
with a circle-like feature is displayed in Figure 5.11 (a). The block face of the cross 
section was tilted 20° away from the electron beam to view the surface morphology 
of the attack site at the same time. Two concentric circles with diameters of ~223 µm 
and ~365 µm are revealed around the attack site. In the central regions of the site, 
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localised corrosion is also revealed beneath the surface. Figure 5.11 (b) shows the 
framed area A in Figure 5.11 (a) at an increased magnification, revealing localised 
corrosion (indicated by arrows) at the circumference of the circle-like feature. 
However, no attack beneath the surface at the circumference of the circle-like feature 
is revealed, suggesting that the localised corrosion at this location is essentially 
superficial. Figures 5.11 (c) and (d) show secondary and backscattered electron 
micrographs of the framed area B in Figure 5.11 (a) at an increased magnification, 
revealing an attack site of ~34 µm depth. Corrosion product, as indicated in Figure 
5.11 (c), is revealed over the attack site. Boundary attack is evident on both the 
surface and the cross section.  
 
Secondary and backscattered electron micrographs of a severe localised corrosion 
site without a circle-like feature are shown in Figures 5.12 (a) and (b) respectively, 
revealing an attack site of ~ 73 µm depth. No corrosion product dome is revealed 
over the attack site, and boundary attack is displayed on both the surface and the 
cross section. 
 
In order to establish a correlation between the severe localised corrosion sites and the 
alloy microstructure, the immersed specimens were re-examined, with particular 
focus on the alloy microstructure at local sites. Figure 5.13 shows optical 
micrographs of the surface of the alloy after immersion in a 3.5 wt. % NaCl solution 
for 2 h, revealing two typical severe localised corrosion sites with boundary attack. 
Most of the grains enclosed by the attacked boundaries are approximately equiaxed, 
with typical dimensions ranging from several micrometres to tens of micrometres. 
From the microstructural characterization of the alloy, grains of such size and shape 
are subgrains.  
 
Notably, an attack site of about 1 mm length and tens of micrometres width is 
displayed on the surface of the alloy after immersion for 5 h (Figure 5.14 (a)). 
Evidently, the attack site is elongated in the extrusion direction. The framed region in 
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Figure 5.14 (a) is shown in Figure 5.14 (b) at an increased magnification, revealing 
another elongated localised corrosion site (indicated by the arrow), which is aligned 
approximately parallel to the previously located attack site and separated by less 
attacked alloy material. Figure 5.14 (c) shows the framed region in Figure 5.14 (b) at 
an increased magnification, revealing attack both at the grain boundary and within 
the matrix of grains, within the attack site. Judging from the shape and size, the 
attacked grains are mainly subgrains. The alloy material on lateral sides of the 
attacked region is relatively less attacked and sandwiches the attacked region. The 
framed region in Figure 5.14 (c) is shown in Figure 5.14 (d) at an increased 
magnification, revealing a network of corrosion paths within the attacked subgrains. 
 
Secondary and backscattered electron micrographs of the cross section, prepared 
from the position indicated by a dashed line in Figure 5.14 (b), are displayed in 
Figures 5.15 (a) and (b) respectively. The cross section block face was tilted 20° 
away from the electron beam to jointly view the surface morphology of the attacked 
region at the same time. It is revealed that the attacked regions, on the left and the 
right of the micrographs, penetrated about 15 and 100 µm respectively from the 
surface into the interior of the alloy. Figure 5.15 (c) shows the framed region in 
Figure 5.15 (a) at an increased magnification, revealing detailed morphology of the 
cross section of the moderately attacked region. A network of corrosion paths within 
the matrix of grains is evident. The crack indicated by the white arrow is an artefact 
introduced by specimen preparation. The gap indicated by the black arrow 
corresponds to an attacked boundary. Zooming in the framed region in Figure 5.15 
(c), Figure 5.15 (d) shows fine corrosion paths and enclosed islands of un-attacked 
alloy material. The corrosion fronts (i.e. the interfaces between the corrosion paths 
and the un-attacked islands) display a scalloped morphology with small facets, 
suggesting crystallographic corrosion. The backscattered electron micrograph (inset 
of Figure 5.15 (d)) taken from a similar region but before desmutting reveals light 
nanoparticles of 30-100 nm diameter within the corrosion paths. EDX analysis 
detected an increased level of copper in the light nanoparticles. Micrographs from 
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the extensively attacked region ((Figures 5.15 (e) and (f))), again, show attack both 
at grain boundaries and within the matrix of grains. A network of corrosion paths is 
spread over the matrix of grain A, contrasting grain B where no sign of corrosion is 
revealed within its matrix (Figure 5.15 (e)), suggesting that different grains have 
different susceptibility to corrosion. Selective attack of individual grains is also 
evident in Figure 5.15 (f). Further, the corrosion paths within grain C seem to radiate 
from the attacked boundary towards the interior of the grain, as schematically 
illustrated, suggesting that attack of the matrix of the grain was started from the 
attacked boundary and propagated along preferential paths within the matrix of the 
grain. 
 
EBSD analysis was carried out in a region containing a typical localised corrosion 
site. The morphology of the localised corrosion site is displayed in Figure 5.16 (a), 
with grain boundary attack revealed in the vicinity of a pit cavity. Several elongated 
grains are displayed in this region, as displayed in different colours (Figure 5.16 (b)). 
Subgrain boundaries were superimposed on the same image in white. It is revealed 
that the major proportion of the attack site is located in the red grain. Propagation of 
corrosion along grain boundaries (indicated by white arrows) and subgrain 
boundaries (indicated by black arrows) is evident. The distribution of stored energy 
in different grains is shown in Figure 5.16 (c), where grains with relatively high 
stored energy are displayed in relatively light colours. Coincidently, the highest 
stored energy is shown in the grain containing the localised corrosion site, 
suggesting a correlation between corrosion susceptibility of grains and their stored 
energy. The distribution of stored energy in different subgrains is shown in Figure 
5.16 (d), where subgrains with relatively high stored energy are displayed in 
relatively light colours. Evidently, stored energy in different subgrains also varies.  
 
Figure 5.17 displays a backscattered electron micrograph of the cross section of the 
alloy after polarization to 0.824 V (SCE) in the NaCl solution. At the top of the 
micrograph, exfoliated layers are revealed. Below the exfoliated layers, boundary 
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attack is observed to a depth up to ~55 µm. It is evident that most of the attacked 
boundary regions on the cross section are similar in width, revealing little attack of 
grain body; in other words, these boundaries are much more active than the matrix of 
grains, and they had served as preferential path for propagation of the corrosion from 
the outer region to the inner regions. Individual subgrains were selectively attacked, 
as indicated by arrows. Some attacked subgrains are close to the surface region, but 
others are relatively far away from the surface region whilst it is believed that the 
subgrains close to the surface region should contact with solution earlier than those 
far way from the surface region, assuming that solution has penetrated from the 
specimen surface along the active boundaries. Thus, it is inferred that selective 
attack of certain subgrains is determined rather by intrinsic microstructure than by 
external corrosion environment.  
5.3. Intergranular / intersubgranular corrosion 
Ultramicrotomed alloy slices of 15 nm thickness were immersed in deionised water 
for 10 min and then examined in transmission electron microscopes to reveal 
detailed structure of the attacked boundaries and matrix of grains. Different 
morphologies of the attacked boundaries are shown in Figures 5.18 (a) and (b). In 
Figure 5.18 (a), the width of the attacked boundary is relatively large and corrosion 
propagation towards surrounding alloy matrix is evident. Dark nanoparticles up to 30 
nm diameter, as indicated by arrows, are revealed within the corrosion path. In 
contrast, the attacked boundary shown in Figure 5.18 (b) is relatively narrow, and 
corrosion propagation towards surrounding alloy matrix is less significant. Dark 
nanoparticles are also revealed within the corrosion path (indicated by arrows). 
Attacked grains, together with un-attacked islands, are displayed in Figures 5.18 (c) 
and (d). Dark rims of 1-2 nm thickness, often in the form of small steps with typical 
length of 50-100 nm (indicated by arrows), are revealed at the corrosion fronts. The 
dark rims suggest compositional change at the corrosion fronts while their step-like 
morphology suggests crystallographic corrosion within the matrix of grains. 
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The dark rims at the corrosion fronts and dark nanoparticles within the corrosion 
paths shown in Figure 5.18 are revealed as light rims (Figure 5.19 (a)) and light 
nanoparticles (Figure 5.19 (b)) respectively, suggesting enrichment of heavy 
elements. EDX analyses detected increased levels of copper in the light rims and 
light nanoparticles. Lattice images of two copper-rich nanoparticles within the 
corrosion paths are displayed in Figures 5.19 (c) and (d). The interplanar distances of 
the copper-rich nanoparticles were 0.208 nm and 0.214 nm, consistent with those of 
the (111) plane for copper and the (112) plane for θ (Al2Cu) phase respectively. 
5.4. Discussion 
5.4.1. General observation 
Cavities originated from Al-Fe-Mn-Cu constituent particles and Al-Cu-Mn-Li 
dispersoids are clearly revealed in the surface of the alloy after immersion in a 3.5 
wt. % NaCl solution for 1-8 h (Figures 5.1, 5.2 and 5.4). The population density of 
the cavities increases with the increasing time in early stages of the immersion 
testing, suggesting that the cavities formed at a relatively moderate rate. The 
apparent size of the cavities does not change evidently with increasing time, 
suggesting that the cavities quickly became passivated after formation. This is 
supported by the revelation of a corrosion product layer in the wall regions of the 
cavities and the absence of corrosion attack beneath the corrosion product layer.  
 
Trenching around the constituent particles undermined the particles, which 
subsequently led to detachment of the particles from the alloy surface, forming 
cavities with dimensions slightly larger than that of the original particles. The 
galvanic coupling between low-copper-containing and high-copper-containing 
phases in the multiphase particle does not essentially influence the mechanism of 
trenching corrosion. However, the revelation of copper-rich nanoparticles on the 
surface of the high-copper-containing phase and absence of such copper-rich 
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nanoparticles on the surface of low-copper-containing phase perhaps suggest that the 
high-copper-containing phase might have dealloyed during immersion. This implies 
the presence of active elements such as lithium in the high-copper-containing phase; 
otherwise, the high-copper-containing phase should be nobler than the 
low-copper-containing phase and, therefore, less likely to dealloy during immersion. 
Detection of lithium in the constituent particle was not successful. However, the 
detection of lithium in the rod-like dispersoids by EELS suggests that dissolution of 
lithium in the constituent particle is possible. 
 
Al-Cu-Mn-Li dispersoids may dissolve during immersion testing by a dealloying 
process, since the presence of lithium in the dispersoids may render them anodic 
with respect to the alloy matrix. In this case, copper remnants can be expected. The 
remnants may subsequently work as cathodes to promote corrosion of the 
surrounding alloy matrix. As an analogy, it was suggested that Al2CuMg particles in 
Al-Cu-Mg alloys dissolved by a dealloying process in neutral chloride-containing 
environments [123].   
 
The severe localised corrosion appeared quickly after the commencement of the 
immersion testing (Figure 5.6), suggesting relatively high corrosion susceptibility of 
the local microstructure. The size of the attack site is several to tens of times larger 
than that of constituent particles, suggesting the presence of other microstructural 
inheterogeneities in addition to intermetallics. At the attack sites, grain boundary 
attack is the most severe corrosion event and penetrated tens of micrometres from 
the surface into the alloy interior. It is currently under debate whether boundary 
attack initiates from the surface of the alloy or initiates from other places and 
appears on the alloy surface through tunnelling of active boundaries. Hughes et al. 
[124] observed rings of corrosion product developing early in the corrosion process 
on an AA 2024 aluminium alloy, together with evolution of H2 at the centre of the 
rings and extensive boundary attack in the interior of the rings. They proposed a 
“co-operative corrosion” mechanism to explain the nature of the development of the 
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localised corrosion observed. They believed that corrosion initiated at sites where the 
intermetallics formed a local cluster of cathodes that drove attack on the most 
anodically susceptible sites. However, this model may not be applicable to AA 
2099-T8 aluminium alloy, since clustering of a large group of particles is rare to see 
in the alloy and the cavities initiate from the intermetallics seem to quickly become 
passivated through the formation of a protective oxide layer. The mechanism of the 
severe localised corrosion is discussed later. 
5.4.2. Distinct features at the severe localised corrosion sites  
The severe localised corrosion is often characterised by a protected area, sometimes 
together with a circle-like feature, around the attack (Figure 5.8). The protected area 
corresponds to the area enclosed by the observed corrosion product rings. The work 
of Hughes et al. [124] on similar morphology observed on AA 2024 aluminium alloy 
has excluded the possibility that extreme acidic or alkaline pH of the bulk solution 
was responsible for the absence of corrosion product within the rings. It is believed 
that an electrochemical process is responsible for the formation of the protected area. 
According to conventional explanation for pitting corrosion [125], the anodic and 
cathodic half-reactions are spatially separated at the site of the attack. Such 
separation maintains the acidity inside the pit and also creates a potential gradient. 
Consequently, the metal inside the pit is anodically polarized and heavily attacked, 
but the metal nearby is cathodically polarized and protected. Here, the severe 
localised corrosion site is comparable to an active pit.  
 
The circle-like features are traces of the semi-spheres of corrosion product, which 
formed at attack sites in certain circumstances. As localised corrosion initiates, heavy 
corrosion activity evolves below the alloy surface and corrosion product is deposited 
at the opening of the pit due to high pH to form a semi-sphere which consists of 
gel-like material and filled with H2 gas. Subsequently, the semi-sphere bursts when 
the H2 gas pressure within it reaches a sufficiently high level. Another semi-sphere 
might then reform and burst at the same site. The remnants of the ruptured 
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semi-sphere, more or less, are attached to the alloy matrix, forming a circle-like 
feature.  
 
For the severe localised corrosion without the circle-like feature, it is believed that 
the local anolyte generated from the corrosion front is acidic enough, e.g. having pH 
lower than 4 [126], to dissolve the corrosion product, which otherwise would form 
the semi-sphere at the attack site. This most likely occurs when the anodic reaction 
intensively takes place deep inside the alloy interior. Oppositely, if the localised 
corrosion moderately develops in shallow surface, the generated anolyte at attack 
site can be instantly diluted by the bulk solution, favouring the formation of the 
semi-sphere or the circle-like feature. 
5.4.3. Initiation and propagation of severe localised corrosion  
The attack site of the localised corrosion tends to be elongated in the extrusion 
direction (Figure 5.14), suggesting preferential propagation of the localised corrosion 
in the extrusion direction. Since the surface of the specimen was mirror-finished and 
completely immersed in the NaCl solution during immersion testing, the external 
corrosion environment is essentially the same across the specimen surface. Therefore, 
it is implied that non-uniform microstructure causes the severe localised corrosion 
and such microstructure is elongated in the extrusion direction. In other words, the 
microstructure of the elongated region that was attacked is different from that of 
surrounding alloy material. EBSD analysis indicates that the attack site tends to 
appear in the grains that contain higher stored energy compared with other grains 
surrounding the attacked grains, suggesting that the grains of high stored energy 
have stronger corrosion susceptibility than the grains of reduced stored energy. 
 
Individual subgrains also exhibit different corrosion susceptibility. Specifically, some 
subgrains are more susceptible to corrosion than others, exhibiting a network of 
corrosion paths within the attacked subgrains. Considering that grains of high stored 
energy are more susceptible to corrosion than other grains, it is inferred that the 
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subgrains which are more susceptible to corrosion also contain relatively high stored 
energy. This is supported by the distribution of stored energy in subgrains (Figure 
5.16 (d)), where the subgrains containing relatively high store energy are comparable 
with individually-attacked subgrains shown in Figure 5.17. 
 
According to the literature [127], the stored energy is a summation of the subgrain 
boundary energy, and is inversely proportional to the size of the subgrains. Therefore, 
it is implied that a grain of high stored energy is equivalent to a grain of high 
population density of subgrain boundaries. The specific reasons for the increased 
population density of subgrain boundaries in certain grains is not yet clear, and for 
different nature of certain subgrains. However, it is proposed that the temper of the 
alloy (T8 treatment: solution treatment, followed by cold working and artificial 
aging) may be responsible for such microstructural inhomogeneity. It is well known 
that cold working (e.g. stretching in this work) can increase the population density of 
dislocations in metals. The number of the introduced dislocations can vary from 
grain to grain, because grains with different orientations tend to be loaded with 
different shear stress, which governs the extent of deformation for each grain. Thus, 
more dislocations can be introduced in certain grains which have experienced more 
deformation than other grains. The induced dislocations can form low angle grain 
boundaries decorating subgrains [128]. This accounts for a highly increased 
population density of subgrain boundaries in certain grains. Further, the newly 
formed subgrain boundaries should have nucleated in old subgrains, which had 
existed in the grains before cold work and were formed as a consequence of dynamic 
recovery during extrusion [129]. Similar to what happens in grains, the orientation of 
the old subgrains also varies, and some old subgrains tend to accommodate more 
new subgrain boundaries than others. This results in a highly increased population 
density of subgrain boundaries in certain old subgrains.  
 
During subsequent artificial aging, T1 will preferentially precipitate on subgrain 
boundaries or low angle grain boundaries (LAGBs), because these locations are 
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preferential nucleation sites for T1 phase [14], leading to increased volumes of T1 
phase in certain grains and subgrains. When the boundaries with a high fraction T1 
phase are exposed directly to the corrosive environment, these boundaries are 
preferentially attacked, probably by a dealloying process. Since these boundaries are 
usually interconnected, the corrosive solution can penetrate along the network of the 
boundary precipitates into the inner regions of the alloy. At the same time, 
dissolution of T1 phase and probably the aluminium matrix in the region adjacent to 
boundaries produces increased number of cations. Hydrolysis of the cations results 
in acidification of the solution within the propagating front region and 
electromigration of aggressive anions (e.g. Cl- ) into the corrosion fronts. These are 
the necessary conditions to maintain active localised corrosion. As the reaction takes 
place at grain boundaries beneath the alloy surface, the narrow corrosion path, which 
connects the corrosion front region with the alloy surface, restricts diffusion between 
the solution in the corrosion front region and the bulk solution. This, therefore, 
maintains the necessary acidity of the solution within the corrosion front region for 
continuous corrosion propagation. At the same time, the corrosion front can probably 
reach active subgrains in certain regions. Within the active subgrains, localised 
corrosion propagates along the network of precipitates, which most likely 
corresponds to the network of dislocation walls. The electrochemical process of 
corrosion within the active subgrains is similar to that on the active boundaries. 
Selective attack of certain boundaries and subgrains then leads to etchout of grains 
and subgrains and loss of alloy material from the attack site.  
5.4.4. The electrochemical process of grain boundary attack 
According to previous discussion, the severe localised corrosion initiated at 
boundaries of high fraction T1 phase. The electrochemical process of the grain 
boundary attack is discussed here based on TEM observation (Figures 5.18 and 5.19), 
which reveals copper-enriched layers at corrosion fronts and copper-rich 
nanoparticles within the corrosion paths. Enrichments similar to those developed at 
corrosion fronts are also found following anodising, electropolishing, etching and 
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conversion coating of aluminium alloys [80]. The mechanism of the enrichments is 
associated with less negative Gibbs free energy per equivalent for formation of 
alloying element oxides (e.g. copper oxide in this work) relative to alumina [87]. 
Concerning the copper-rich nanoparticles in the corrosion paths, they might originate 
from the copper-enriched layer and/or copper-containing precipitates. Considering 
the high fraction T1 phase at grain boundaries that have been preferentially attacked, 
it is believed that most of the copper-rich nanoparticles originated from T1 phase. 
This takes place probably by a dealloying process, in which relatively active alloying 
elements such as aluminium and lithium dissolved preferentially whilst relatively 
noble alloying elements such as copper remained. The copper-rich nanoparticles 
might be redistributed by fluid electrolyte in the corrosion paths and this might result 
in coarsening of copper-rich nanoparticles. Apparently, the copper-rich nanoparticles 
are cathodic with respect to the bulk alloy and, therefore, promote anodic dissolution 
of surrounding alloy material by a process of galvanic coupling. This observation 
well agrees with the work of Li et al. [67], who observed that the OCP of bulk T1 
phase moved to a positive direction when coupled with aluminium in a 3.5 wt. % 
NaCl solution for prolonged time.  
 
The scalloped and step-like corrosion fronts revealed by SEM (Figure 5.15 (d)) and 
TEM (Figure 5.18) respectively suggest crystallographic corrosion within the matrix 
of grains. However, the scalloped or step-like corrosion morphology is different from 
the typical crystallographic corrosion morphology revealed on aluminium and its 
alloys. For the typical crystallographic corrosion, sharp facets corresponding to the 
{100} planes are displayed [72, 130-133]. According to the literature [134, 135], the 
scalloped or steps-like corrosion fronts represent transient states of crystallographic 
corrosion. The precise mechanism for the transient states of crystallographic 
corrosion is not clear. However, it is believed that a combined effect of 
crystallographic structures and local compositions is responsible for the development 
of the transient states of crystallographic corrosion in the present work. Specifically, 
the direction of corrosion propagation towards the {100} facets was diverted by 
Chapter 5: Localised corrosion in AA 2099-T8 Aluminium Alloy 
 145 
preferential propagation of corrosion that is governed by compositional variations, 
such as T1 phase and copper-rich nanoparticles, at the corrosion fronts. As a 
consequence, scalloped curvatures or small steps, instead of straight {100} facets, are 
revealed at the corrosion fronts.  
5.5. Summary 
Cavities with dimensions ranging from hundreds of nanometres to several 
micrometres are revealed in the surface of the alloy after immersion in a 3.5 wt. % 
NaCl solution for 1-8 h. A thin corrosion product layer is revealed in the wall regions 
of the cavities and no evidence shows corrosion attack beneath the corrosion product 
layer. The cavities originated from constituent particles due to trenching corrosion 
around them and from dispersoids as a consequence of dealloying.   
 
Severe localised corrosion, with its dimensions over tens of micrometres and a 
population density of about 9-10 attack sites per square centimetre, are also revealed 
in the alloy after immersion. Such localised corrosion became visually observable as 
early as 5 min after immersion and lasted through the testing course. The localised 
corrosion is characterised by rings of corrosion product around the attack sites and 
H2 evolution at the attack sites. Grain boundary attack is a dominant corrosion event 
at each corrosion site.  
 
The periphery of the attack site is cathodically protected by the anodic reaction at the 
attack site, forming a circular protected area around the attack site. Semi-spheres, 
consisting of gel-like corrosion product and filled with H2 gas, may be formed at the 
attack site as the local pH is relatively neutral. Remnants of the ruptured semi-sphere 
attached to the alloy matrix leads to the formation of circle-like features around some 
of the attack sites. 
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The severe localised corrosion sites are correlated to grains and subgrains with 
relatively high stored energy. Enhanced precipitation of T1 phase in these grains and 
subgrains renders them more susceptible to corrosion than other grains and subgrains. 
The severe localised corrosion initiated at active boundaries of high fraction T1 
phase and propagated into the interior of the alloy along a network of T1 precipitates. 
Further, copper-rich nanoparticles were generated within the corrosion paths, due 
probably to dealloying of T1 phase, promoting anodic dissolution of the matrix 
adjacent to the attacked boundaries.  
 
Dissolution of the alloy matrix led to the development of copper-enriched layers at 
corrosion fronts. The scalloped or step-like morphology of the corrosion fronts 
suggests transient states of crystallographic corrosion, which is believed to arise 
from a combined effect of crystallographic structures and local compositions. 
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Figure 5.1. Backscattered electron micrographs of AA 2099-T8 aluminium alloy 
after immersion in a 3.5 wt. % NaCl solution for: (a) 1 h and (b) 5 h.  
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Figure 5.2. Secondary electron micrographs of AA 2099-T8 aluminium alloy after 
immersion in a 3.5 wt. % NaCl solution for 5 h. 
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Figure 5.3. EDX mapping of the particle shown in Figure 5.2 (c). 
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Figure 5.4. Secondary electron micrographs of AA 2099-T8 aluminium alloy after 
immersion in a 3.5 wt. % NaCl solution for 5 h. 
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Figure 5.5. Secondary electron micrographs of the cross-sections of: (a) a cavity 
without residual particle and (b) a cavity with residual particle.  
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Figure 5.6. Image frames from the recorded video sequence after: (a) 14 min and (b) 
33 min of immersion, showing the appearance of the alloy surface.  
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Figure 5.7. Optical micrographs of AA 2099-T8 aluminium alloy after immersion in 
a 3.5 wt. % NaCl solution for 5 h. 
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Figure 5.8. Optical micrographs of AA 2099-T8 aluminium alloy after immersion in 
a 3.5 wt. % NaCl solution for 8 h. The specimen was desmutted in a 30 vol. % HNO3 
solution before observation.  
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Figure 5.9. Secondary electron micrographs of AA 2099-T8 aluminium alloy after 
immersion in a 3.5 wt. % NaCl solution for 5 h. The specimen was desmutted in a 30 
vol. % HNO3 solution before observation. 
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Figure 5.10. Backscattered electron micrographs of AA 2099-T8 aluminium alloy 
after immersion in a 3.5 wt. % NaCl solution for 5 h: (a) taken from the severe 
localised corrosion site with a circle-like feature; (b) taken from the severe localised 
corrosion site without a circle-like feature. 
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Figure 5.11. (a) Secondary electron micrograph of the cross section block of a severe 
localised corrosion site with the circle-like feature; (b) the framed region A in (a) at 
an increased magnification; and (c) secondary (d) and backscattered electron 
micrograph of the framed region B in (a) at an increased magnification.  
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Figure 5.11. Continued.  
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Figure 5.12. (a) Secondary and (b) backscattered electron micrographs of the cross 
section of a severe localised corrosion site without the circle-like feature.  
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Figure 5.13. Optical micrograph of AA 2099-T8 aluminium alloy after immersion in 
a 3.5 wt. % NaCl solution for 2 h. 
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Figure 5.14. Secondary electron micrographs of AA 2099-T8 aluminium alloy after 
immersion in a 3.5 wt. % NaCl solution for 5 h, revealing regions of localised 
corrosion at different magnifications. 
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Figure 5.15. Secondary electron micrographs of the cross section prepared from the 
position indicated a dashed line in Figure 1 (b). 
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Figure 5.16. EBSD analysis of a typical region of localised corrosion: (a) secondary 
electron micrograph; (b) distribution of grains and subgrains; (c) distribution of 
stored energy in grains; (d) distribution of stored energy in subgrains. The 
misorientations of low angle grain boundary and high angle grain boundary are 
defined as 1<θ<15° and θ>15° respectively. 
 
 
 
 
 
 
100 µm 
Extrusion direction 
(a) (b) 
Grain with increased stored energy 
(c) (d) 
Chapter 5: Localised corrosion in AA 2099-T8 Aluminium Alloy 
 164 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17．A backscattered electron micrograph of the cross section of AA 2099-T8 
aluminium alloy after polarization to 0.824 V (SCE) in a 3.5 wt. % NaCl solution. 
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Figure 5.18. Bright field transmission electron micrograph of thin foils of AA 
2099-T8 aluminium alloy after immersion in deionised water for 10 min. 
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Figure 5.19. (a, b) HAADF images of the attacked regions on thin foils of AA 
2099-T8 aluminium alloy after immersion in deionised water for 10 min. (c, d) 
Lattice images of Cu-rich metal nanoparticles revealed in corrosion paths. 
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6. Alkaline Etching of AA 2099-T8 Aluminium Alloy 
Alkaline etching is one of the traditional methods of surface preparation for 
anodising aluminium and its alloys. It removes millscale, residual grease and 
near-surface defects and, additionally, alters surface morphology and near-surface 
composition of the treated alloys. This chapter is focused on the effect of alkaline 
etching on surface morphology and near-surface composition of AA 2099-T8 
aluminium alloy.  
6.1. General observations 
Alkaline etching decreased the surface gloss and led to development of a matte 
surface. Bright features aligned approximately parallel to the extrusion direction are 
revealed in the secondary electron micrograph of the alloy after alkaline etching for 
60 s (Figure 6.1 (a)), suggesting preferential attack of the grain boundaries during 
alkaline etching. The attacked grain boundaries are bright due to charging effects at 
the rims of the attacked grain boundaries. The attacked grain boundaries are evident 
in the corresponding backscattered electron micrograph (Figure 6.1 (b)). Bright 
particles indicated by arrows in Figure 6.1 (b) are Al-Fe-Mn-Cu constituent particles 
as confirmed by EDX. The population density of the residual constituent particles is 
much less than that of the constituent particles revealed on mechanically polished 
surface, suggesting that alkaline etching has partially removed Al-Fe-Mn-Cu 
constituent particles from the alloy surface.  
 
A secondary electron micrograph of etched surface at an increased magnification 
(Figure 6.2 (a)) shows that grain boundaries and their adjacent regions are decorated 
with cavities and scalloped features, typically several micrometres dimensions, as 
indicated by the green and yellow arrows respectively. In contrast, fine scalloped 
features with sub-micrometer dimensions are evident within the matrix of grains, as 
shown in Figure 6.2 (b), the framed region in Figure 6.2 (a) at an increased 
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magnification. Figure 6.2 (c) shows residual Al-Cu-Mn-Li dispersoids and rod-like 
cavities on etched surface, suggesting removal of Al-Cu-Mn-Li dispersoids by 
alkaline etching. Close examination of Figure 6.2 (d) reveals fine nanotexture on the 
alloy surface.  
 
Obviously, alkaline etching can remove intermetallics from the surface of the alloy, 
generating cavities or scalloped features with dimensions ranging from hundreds of 
nanometres to tens of micrometres. The associated mechanism is presented in the 
discussion section of this chapter. What is of particular interest is the surface 
nanotexture, whose formation mechanism is not clear and calls for in-depth 
investigation. 
6.2. Surface nanotexture 
6.2.1. Plan view of the alloy before and after etching 
In order to understand the process of the nanotexture formation during alkaline 
etching, the surfaces of mechanically polished alloy and the alloy after alkaline 
etching for various periods of time were examined using a high resolution scanning 
electron microscope. A relatively flat surface was generated after a mirror finishing, 
except for the presence of shallow polishing marks (Figure 6.3 (a)). After etching for 
30 s (Figure 6.3 (b)), the polishing marks have disappeared, with a nanotexture being 
revealed. The nanotexture on the alloy surface becomes more distinct after etching 
for 60 s (Figure 6.3 (c)), with nanotextured cells of diameter 20-30 nm discernable. 
A nanotexture with well-defined cell boundaries is evident after etching for 120 s 
(Figure 6.3 (d)). Most of such nanotextured cells are polygonal in shape, with a 
typical width and length of ~50 and ~120 nm respectively. Figures 6.3 (e) and (f) 
show the nanotexture developed after etching for 180 and 240 s respectively, 
revealing a similar morphology to that formed after etching for 120 s, suggesting that 
the nanotexture was stabilised after etching for about 120 s. 
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A secondary electron micrograph of the alloy after etching for 180 s at a decreased 
magnification (Figure 6.4 (a)) reveals distribution of the nanotexture, across a high 
angle grain boundary (HAGB) (indicated by white arrows), within two grains. 
Generally, similar nanotexture is observed in each grain, suggesting little 
dependency of the nanotexture on grain orientation. However, the surface 
morphology changes locally within the matrix of each grain, as indicated by black 
arrows. Figure 6.4 (b) shows the framed region in Figure 6.4 (a) at an increased 
magnification, revealing less typical nanotexture in the arrowed region than other 
regions. Such locally atypical nanotexture is probably ascribed to the interference of 
coarse intermetallics and grain/subgrain boundaries, since they can cause uneven 
etching of local regions. This is also supported by Figure 6.4 (c), which shows 
differences in morphology of the nanotexture between the boundary regions 
(indicated by arrows) and the interior of the subgrains.   
 
In addition to the nanotexture, bright spots of diameter 30-60 nm are present on the 
surfaces of etched alloy. A backscattered electron micrograph of the specimen after 
etching for 180 s (Figure 6.5 (a)) shows bright spots and cell boundaries of the 
nanotexture, suggesting relatively high levels of heavy alloying elements. EDX line 
profile (Figure 6.5 (b)) obtained along the green line indicated in Figure 6.5 (a) 
indicates that the bright spots are rich in zirconium and, hence, related to the 
β ′ (Al3Zr) dispersoids. The β ′ (Al3Zr) dispersoids are not considered to contribute 
to the formation of the nanotexture since their population density (~7.5 per µm2) is 
much less than the nanotextured cells (~300 per µm2). As for the cell boundaries, 
they are too small to be analyzed by EDX in a scanning electron microscope. 
Therefore, further investigation on alkaline etched alloy by transmission electron 
microscopy is necessary. 
6.2.2. Cross sectional view of the alloy before and after etching 
Figure 6.6 shows bright field transmission electron micrographs of ultramicrotomed 
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cross sections of mechanically polished alloy (Figure 6.6 (a)) and the alloy after 
etching for 30 s (Figure 6.6 (b)), 60 s (Figure 6.6 (c)) and 120 s (Figure 6.6 (d)). A 
distinct layer of about 250 nm thickness is revealed in the near-surface regions of 
mechanically polished alloy (Figure 6.6 (a)), which presents a different 
microstructure to the underlying bulk alloy matrix. The modified microstructure in 
the near-surface region is probably induced by shear stresses generated during 
mechanical polishing [136], with fine grains of different orientation evident. The 
modified layer is absent after etching for 30 s (Figure 6.6 (b)), suggesting its removal 
by etching [137]. A residual alumina film of several nanometres thickness appears 
over the macroscopic alloy surface after etching for 30 s. Small dark regions 
(indicated by white arrows) are occasionally revealed immediately beneath the 
residual alumina film. EDX analysis detected an increased level of copper in the 
small dark regions. The TEM image of the cross section of the alloy after etching for 
60 s (Figure 6.6 (c)), again, reveals the residual alumina film and copper-rich 
nanoparticles (indicated by white arrows). The copper-rich nanoparticles are more 
distinctly revealed after etching for 60 s than 30 s. The separation between adjacent 
copper-rich nanoparticles varies from ~15 to ~50 nm, in agreement with the 
dimensions of the nanotexture observed in Figure 6.3 (c). After etching for 120 s 
(Figure 6.6 (d)), in addition to copper-rich nanoparticles, alloy ridges are also clearly 
revealed below each copper-rich nanoparticle. Such alloy ridges, together with the 
overlying copper-rich nanoparticles and residual alumina film, generate surface 
protrusions. The separation between adjacent copper-rich nanoparticles/surface 
protrusions is 50 nm on average, close to the typical width of the characteristic 
nanotextured cells, suggesting that the alloy ridges with copper-rich outward-regions 
correspond to the boundary regions of the characteristic nanotextured cells. 
 
θ ′  and T1 phases within the alloy matrix are revealed in the HAADF image of the 
cross section of the alloy after etching for 30 s (Figure 6.7 (a)). Additionally, a light 
band of 2-4 nm thickness is present in the alloy matrix immediately beneath the 
residual alumina film. EDX analysis detected an increased level of copper in the 
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light band, suggests a copper-enriched layer. Such copper-enriched layer was also 
observed for prolonged etching and the related micrographs are not shown. A T1 
plate intersects etched surface in the framed region in Figure 6.7 (a), forming a light 
region at the interface. Evidently, the light region is rich in copper since it directly 
resulted from etching of T1 plate, with preferential loss of aluminium and lithium. 
The influence of θ ′  phase on the morphology and composition of etched alloy 
surface is evident in Figure 6.7 (b), revealing six light regions at the residual alumina 
film/alloy interface and two θ ′  phase plates within the alloy matrix. The θ ′  phase 
plate on the right side of the image intersects etched surface, forming one of the light 
regions (indicated by the circle). The remaining five light regions point in the same 
direction as that associated with the indicated θ ′  phase plate, suggesting that they 
originated from other θ ′  phase plates, as schematically indicated by dashed lines. 
The six light regions resulted from the θ ′  phase plates due to a reduced etching rate 
of the phase plates compared with the surrounding alloy matrix and, therefore, are 
rich in copper. The separation between the six copper-rich nanoparticles (15-25 nm) 
is much smaller than the cell dimensions of the characteristic nanotexture, 
suggesting that these copper-rich nanoparticles are not directly correlated to the 
characteristic nanotexture.  
 
Lattice images of the alloy ridges beneath the residual alumina film after etching for 
120 s are displayed in Figure 6.8, with the interface between the residual alumina 
film and the alloy matrix indicated by dashed lines. As suggested early, the dark 
band in the alloy matrix immediately beneath the residual alumina film is the 
copper-enriched layer. EDX analysis confirms that the dark spheres of ~5-7 nm 
diameter (indicated by dashed line circles) are also rich in copper. The locations of 
these copper-rich nanoparticles (spheres) correspond to the outward-regions of the 
alloy ridges revealed in Figure 6.6 (d). Further, the copper-rich nanoparticles display 
different crystallographic structures relative to the surrounding alloy matrix, 
suggesting formation of new phases in these regions. Characterisation of the lattice 
images (Figures 6.9 (a), (c) and (e)) of copper-rich nanoparticles in the outward 
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regions of the alloy ridges after alkaline etching for 120 s through Fast Fourier 
Transformation (FFT) patterns (Figures 6.9 (b), (d) and (f)) suggest crystallographic 
parameters of either θ ′′  (Figure 6.9 (a)) or θ ′ /θ ′′  phases (Figures 6.9 (c) and (e)). 
Since all crystallographic parameters of the {h k 0} family planes are same for both 
θ ′  and θ ′′  phases, these two phases could not be differentiated from Figures 6.9 (d) 
and (f). 
6.3. Discussion 
6.3.1. General observations 
Most of iron-containing intermetallic particles have a higher electrochemical 
potential than the aluminium matrix during alkaline etching, acting as cathodic 
reaction sites for oxygen reduction and stimulating anodic dissolution of surrounding 
aluminium matrix [138, 139]. Oppositely, intermetallic particles which are 
electrochemically more active than the aluminium matrix may experience 
preferential dissolution during alkaline etching. Consequently, etching pits are left on 
the surface of etched alloy due to removal of intermetallic particles. Further, the 
relatively larger particles are more efficient in the initiation of deeper pits which then 
survive further general dissolution of the surface. As dissolution continues, 
intermetallic particles are lost from the alloy surface by undercutting of the relatively 
noble particles or by self-dissolution of the relatively active particles, and the pits 
continue to grow larger [138, 139]. As a result, the size of the etching pits is always 
larger than the size of the particles having caused the pits. With the progress of 
etching, the lateral dimensions of the pits continue to increase but they are flattened 
at the same time. Within the territory of the survived pits, sub-surface particles are 
exposed to the alkaline solution and new pits are initiated. Such process is repeated 
across the alloy surface in the subsequent course of etching, leading to formation of 
the scalloped features of various sizes on alkaline etched alloy surface. 
 
Uneven attack also occurs at grain boundaries, leading to formation of grain 
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boundary grooves [140]. Precipitates at grain boundaries can cause preferential 
attack of the boundaries, where cathodic precipitates cause dissolution of aluminium 
matrix adjacent to the boundaries while anodic precipitates dissolve [3]. In this work, 
the attacked boundaries are often decorated with individual cavities, suggesting 
correlation between grain boundary precipitates and formation of grain boundary 
grooves. Interestingly, although microstructure characterization indicates the 
presence of T1 phase at subgrain boundaries and immersion of the alloy in NaCl 
solution exhibits preferential attack of subgrain boundaries, not as many subgrain 
boundary grooves are revealed as grain boundary grooves. This suggests that other 
factors in addition to boundary precipitates may also affect the formation of grain 
boundary grooves. It is believed that the degree of misfit or lattice distortion is 
different at grain boundaries from subgrain boundaries. Consequently, the relatively 
larger misfit or more severe lattice distortion at grain boundaries renders the former 
more susceptible to alkaline etching.    
 
Etching pits and grain boundary grooves increased diffuse reflection of light and, 
hence, decreased the surface gloss [141, 142]. This is thought to be the major reason 
for the reduced surface gloss of alkaline etched alloy and the development of matte 
surface. 
 
However, the general effect of alkaline etching is smoothing the macroscopic alloy 
surface, despite the presence of etching pits and grain boundary grooves. As shown 
in Figure 6.10 (a), after 300 s of etching, some of the grain boundary grooves are 
replaced by scalloped features of tens of micrometres dimension, with one region 
indicated by the green frame. Within the grain body, scalloped features with 
dimensions ranging from hundreds of nanometres to tens of micrometres are 
revealed in Figure 6.10 (b), the area indicated by the yellow frame in Figure 6.10 (a) 
at an increased magnification. Generally, fewer deep grain boundary grooves and 
etching pits are revealed on the surface of the specimen after etching for 300 s, 
confirming the macroscopically smoothing effect of alkaline etching.  
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As suggested previously, scalloped features on etched surface can be resulted from 
cyclic etching of cavities left by intermetallic particles or grain boundary grooves. In 
order to verify the observation, a triangular pyramid indent was introduced on 
mechanically polished surface by a nanoindentation system, followed by etching for 
120 s, with the location of the triangular pyramid indent recorded before and after 
etching (Figures 6.11 (a) and (b)). Clearly, the triangular pyramid indent lost its 
shape after alkaline etching, revealing a rounded cavity that is larger and shallower 
than the original indent, and relatively small scalloped features in the wall region of 
the cavity. Thus, the process of scalloped features formation described previously is 
verified. 
6.3.2. Nonuniform enrichment of copper  
During alkaline etching, a residual alumina film of a few nanometres thickness forms 
over the surface of AA 2099-T8 aluminium alloy and a copper-enriched layer 
develops in the alloy matrix immediately beneath the residual alumina film. Similar 
enrichment has been observed and discussed before [88-90,143-147].  
 
As suggested in the literature [146, 148], the copper-enriched layer is not a uniform 
alloy band. Bailey et al. [148] investigated the outer 20 nm of an electropolished 
Al–1 at. % Cu alloy using medium-energy ion scattering (MEIS), suggesting the 
presence of copper-rich clusters within the copper-enriched layer. Liu et al. [146] 
observed individual copper-rich nanoparticles immediately beneath the residual 
alumina film after etching a sputtering-deposited Al-6.7 at. % Cu alloy in 0.1 M 
NaOH solution, which is in good agreement with the findings of the present work. 
Further, since the previous work was based on either sputtering-deposited [146] or 
solution-treated [148] Al-Cu alloys, where the influence of precipitates has been 
eliminated, it is suggested that copper-containing precipitates (e.g. T1 and θ ′  phases 
in the present work) are not a necessary condition for the nonuniform enrichment of 
copper in the copper-enriched layer, although they may contribute, to a certain extent, 
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to such enrichment in the near-surface regions of etched alloy (Figure 6.7). With this 
argument, it is believed that nonuniform enrichment of copper in the copper-enriched 
layer immediately beneath the residual alumina film has occurred during alkaline 
etching of AA 2099-T8 aluminium alloy.  
6.3.3. Evolution of surface nanotexture 
Plan and cross sectional views of the alloy after etching for different periods of times 
ranging from 30 to 120 s suggest a correlation between the evolution of surface 
nanotexture and the presence of copper-rich nanoparticles immediately beneath the 
residual film. Specifically, the nanotextured cells on alloy surface and the 
copper-rich nanoparticles beneath the residual alumina film are not distinct in early 
stages of etching, contrasting the relatively prolonged etching , from which 
well-defined nanotextured cells on alloy surface and uniformly-distributed 
copper-rich nanoparticles immediately beneath the residual alumina film were 
developed. In the latter case, alloy ridges developed below the copper-rich 
nanoparticles, leading to the formation of surface protrusions that correspond to the 
boundary regions of the nanotextured cells.  
 
Thus, it is proposed that the surface nanotexture was initiated by forming copper-rich 
nanoparticles immediately beneath the residual alumina film and further developed 
by forming alloy ridges immediately below the formed copper-rich nanoparticles. 
Such a process is started from nonuniform enrichment of copper immediately 
beneath the residual alumina film, with formation of a copper-enriched layer and 
individual copper-rich nanoparticles. The copper-rich nanoparticles can cause a 
non-uniform etching of the alloy surface, with the copper-rich nanoparticles etched 
more slowly than other regions, leading to initiation of scallops on the alloy surface 
(Figure 6.3 (b)). As etching is proceeding, the scallops continue to develop, leading 
to a more distinct nanotexture on the alloy surface (Figure 6.3 (c)). During this 
process, the copper-rich nanoparticles may be interconnected and re-distributed in 
the alloy matrix immediately beneath the residual alumina film, under the stress 
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probably arising from nonuniform etching of the alloy within scallops. When 
adjacent scallops meet each other and a continuous network of copper-rich 
nanoparticles develops between the scallops, a characteristic nanotexture is 
established (Figure 6.3 (d)). 
 
However, since the macroscopic alloy surface is retreating during alkaline etching, 
the copper-rich nanoparticles can not exist for ever; otherwise the scallops would 
develop into deep pores. Upon reaching a stabilised condition, i.e. formation of the 
characteristic nanotexture on the alloy surface with well-defined cell boundaries, a 
scalloped alloy interface also develops immediately beneath the residual alumina 
film, supporting a nonuniform copper-enriched layer with copper-rich nanoparticles 
in outward-regions of alloy ridges. Subsequently, the alloy matrix around the 
copper-rich nanoparticles are encroached by preferential oxidation of aluminium 
atoms, since the copper-rich nanoparticles are electrochemically nobler than the 
alloy matrix and they can also encourage etching of their surrounding alloy matrix 
by acting as cathodic sites. This process has the effect of undermining the 
outward-regions of the alloy ridges, which eventually become detached from the 
alloy and subsequently incorporated into the etch products. The alloy ridges below 
the detached copper-rich nanoparticles are then etched at an increased rate before a 
relatively stable copper-rich layer can be locally re-established. As a consequence, 
the alloy ridges are replaced by scallops, with copper-rich nanoparticles developing 
between newly-formed scallops. Such a process takes place instantaneously during 
prolonged etching, since copper in the copper-enriched layer has enriched to, on 
average, a relative constant level [89]. The repeated cycles of nonuniform 
enrichment of copper, initiation of surface scallops, growth of the scallops and 
redistribution of copper-rich nanoparticles between scallops, removal of the 
copper-rich nanoparticles with enhanced etching of local regions, together with 
elimination of old surface scallops and the emergence of new surface scallops, 
ultimately lead to the formation of the characteristic nanotexture on the alloy surface.  
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It should be pointed out that the above-proposed process of formation of the 
nanotexture is based on an assumption that the etching process proceeds evenly on 
the alloy surface. However, such an even etching process can be locally disturbed by 
heterogeneous microstructure, such as boundaries and intermetallics, due to 
significant differences in their chemical and electrochemical activities compared 
with the matrix. Therefore, non-stabilised nanotexture can exist in localised sites 
even though a stabilised condition has been generally established on the alloy 
surface. 
6.4. Summary 
Alkaline etching removed intermetallics from the surface of AA 2099-T8 aluminium 
alloy and led to the development of a copper-enriched layer immediately beneath the 
residual alumina film. Besides, etching pits and grain boundary grooves also 
developed on etched surface, resulting in reduced surface gloss and development of 
matte surface. 
 
A nanotexture develops gradually on the surface of AA 2099-T8 aluminium alloy 
with the progress of etching; after a prolonged etching to 120 s, a characteristic 
nanotexture is established on the alloy surface. The cells of the characteristic 
nanotexture are polygonal in shape, with a typical width and length of 50 nm and 
120 nm respectively.  
 
Cross sectional examination of the alloy after etching for different periods of time 
reveals a residual alumina film of a few nanometres thickness overlying the 
macroscopic alloy surface, and a copper-enriched layer with individual copper-rich 
nanoparticles immediately beneath the film. Further, it is suggested that there is a 
correlation between the evolution of the surface nanotexture and the presence of 
copper-rich nanoparticles within the copper-enriched layer.  
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The copper-rich nanoparticles within the copper-enriched layer can cause a 
nonuniform etching of alloy surface in early stages of etching, initiating scallops on 
the alloy surface. With the proceeding of etching, the growth of initiated scallops 
continues, accompanied by redistribution of copper-rich nanoparticles between the 
growing scallops, leading to the establishment of the characteristic nanotexture on 
the alloy surface. Thereafter, the copper-rich nanoparticles are removed by further 
etching and the underlying alloy ridges are etched at an increased rate, leading to 
instantaneous development new scallops at the location of the disappeared alloy 
ridges. Thus, a dynamic balance is reached between elimination of old surface 
scallops and the emergence of new surface scallops, resulting in stabilisation of the 
characteristic nanotexture on the alloy surface. Heterogeneous microstructure, such 
as grain boundaries and intermetallics, may interfere in the stabilisation of the 
nanotexture in local regions. 
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Figure 6.1. (a) Secondary and (b) backscattered electron micrographs of AA 2099-T8 
aluminium alloy after alkaline etching for 60 s. 
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Figure 6.2. Secondary electron micrographs of AA 2099-T8 aluminium alloy after 
alkaline etching for 60 s. 
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Figure 6.2. Continued. 
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Figure 6.3. Secondary electron micrographs of the surfaces of AA 2099-T8 
aluminium alloy after: (a) mechanical polishing; and subsequent etching for (b) 30 s, 
(c) 60 s, (d) 120 s, (e) 180 s and (f) 240 s.  
 
 
 
200 nm 
(a) 
200 nm 
(b) 30 S 
200 nm 
(c) 60 S 
200 nm 
(d) 120 S 
200 nm 
(e) 180 S 
200 nm 
(f) 240 S 
Chapter 6: Alkaline Etching of AA 2099-T8 Aluminium Alloy  
 184 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4. Secondary electron micrographs of the alloy surface after etching for 180 
s: (a) a region across a high angle grain boundary; (b) the framed region in (a) at an 
increased magnification; and (c) a triple point region of subgrain boundaries.  
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Figure 6.4. Continued. 
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Figure 6.5. (a) A backscattered electron micrograph of the surface of AA 2099-T8 
aluminium alloy after etching for 180 s; and (b) EDX line profile across the white 
spots indicated in (a). 
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Figure 6.6. Bright field transmission electron micrographs of the ultramicrotomed 
cross sections of AA 2099-T8 aluminium alloy after: (a) mechanical polishing; and 
subsequent etching for (b) 30 s, (c) 60 s and (d) 120 s. 
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Figure 6.7. HAADF images of ultramicrotomed cross sections of AA 2099-T8 
aluminium alloy after etching for: (a) 30 s; and (b) 120 s. 
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Figure 6.8 Lattice images of alloy ridges revealed in Figure 6.6 (d).  
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Figure 6.9. Lattice images ((a), (c) and (e)) of copper-rich nanoparticles in the 
outward regions of the alloy ridges after alkaline etching for 120 s, and 
corresponding Fast Fourier Transformation (FFT) patterns ((b), (d) and (f)). 
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Figure 6.10. (a) Secondary electron micrograph of the surface of AA 2099-T8 
aluminium alloy after etching for 300 s; (b) the area indicated by the yellow frame in 
(a) at an increased magnification. 
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Figure 6.11. (a) A secondary electron micrograph showing a triangular pyramid 
indent in the surface of mechanically polished alloy; and (b) the same area after 
alkaline etching for 120 s. 
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7. Anodising AA 2099-T8 Aluminium Alloy 
Aluminium alloys for aerospace application are frequently finished by anodising to 
improve their corrosion resistance under service conditions. Traditionally, corrosion 
prevention of aerospace aluminium alloys is achieved through chromic acid 
anodising (CAA), followed by painting. However, the increasing environmental 
concerns and strict legislation on the use of chromic acid require development of 
low-cost and environmentally-friendly anodising electrolytes. Tartaric-sulphuric acid 
anodising (TSAA) is such an anodising process, which has been selected in Europe 
to replace the CAA [149-152].  
 
This chapter is aimed at understanding the anodising behaviour of AA 2099-T8 
aluminium alloy in tartaric-sulphuric acid. Additionally, barrier-type anodic film 
growth on the alloy in ammonium pentaborate has also been studied to gain further 
insight into the co-oxidation of aluminium and copper and the related oxygen 
evolution. Further, the effect of alkaline etching on anodising behaviour of the alloy 
has also been considered.  
7.1. Anodising in tartaric-sulphuric acid 
In this section, the behaviour of the alloy matrix and the intermetallics present in the 
alloy during anodising in tartaric-sulphuric acid is discussed, with various anodising 
procedures and conditions being used in a complementary manner. Mechanically 
polished alloy was used to avoid any interference of alkaline etching on anodising 
process.  
7.1.1. Anodising behaviour of the alloy matrix 
7.1.1.1. Potentiodynamic anodising from the OCP to 12 V (SCE) at a sweep rate 
of 1 V/min 
Figure 7.1 shows the current density-voltage response recorded during 
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potentiodynamic anodising. Initially, the current flow was negligible as the voltage 
was increased from the OCP to about 0 V (SCE) and it subsequently increased to a 
plateau value in the voltage range between 0.5 and 2 V (SCE). Following the plateau, 
the current density increased quasi-exponentially, with increase of applied voltage.  
 
Transmission electron micrographs of the ultramicrotomed sections of the alloy after 
anodising from the OCP to 12 V (SCE) are shown in Figure 7.2, revealing a porous 
anodic film of about 400 nm thickness over the alloy surface. The morphology of the 
porous anodic film changes across the film thickness, with a fine-featured 
morphology in the outer regions and a relatively coarse-featured morphology present 
in the inner regions of the anodic film (Figure 7.2 (a)). A transition in the film 
morphology, indicated by the dashed line in Figure 7.2 (a), was observed at about 
100 nm from the anodic film surface. In regions above the dashed line, the pores are 
more regular compared with those in the underlying film regions, where lateral 
porosity is evident. A high angle annular dark field (HAADF) image (Figure 7.2 (b)), 
where the contrast is given by differences in atomic number, enables resolution of 
individual light nanoparticles (indicated by white arrows) in the anodic film and a 
light band at the film/alloy interface. Close observation of the film/alloy interface 
region reveals light ridges at the film/alloy interface (indicated by black arrows) and 
light nanoparticles immediately above the film/alloy interface (indicated by the 
frame). EDX analyses of the light nanoparticles, light band and light ridges detected 
increased yields of copper. The population density of the copper-rich nanoparticles is 
higher in the outmost region than the inner regions of the anodic film.  
 
Figure 7.3 shows HAADF images of the outmost region of the anodic film (Figure 
7.3 (a)) and the film/alloy interface regions (Figures 7.3 (b), (c) and d)) at increased 
magnifications. Concerning the outer regions of the anodic film, the occluded 
copper-rich nanoparticles are spherical in shape, with diameters of 2-4 nm (Figure 
7.3 (a)). Occasionally, slightly elongated nanoparticles are revealed, as indicated by 
the arrow in Figure 7.3 (a). As indicated in Figures 7.3 (b), (c) and (d), the dark areas 
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that are located in the anodic film and approximately perpendicular to the film/alloy 
interface represent pores in the anodic film. Figure 7.3 (b) displays copper-rich 
ridges with dimensions of ~5 nm at the film/alloy interface (indicated by black 
arrows). Spherical copper-rich nanoparticles, with diameters of 2-4 nm (indicated by 
white arrows), in the anodic film immediately above the copper-rich ridges, are 
aligned in the direction approximately parallel to the pore walls. The copper-rich 
ridges and nanoparticles immediately above the ridges are located near cell boundary 
regions of the scalloped film/alloy interface. In the framed region in Figure 7.3 (c), 
several copper-rich nanoparticles are observed spreading around a copper-rich ridge, 
suggesting a correlation between the copper-rich nanoparticles and ridges. An 
elongated particle, of ~4 nm width and ~28 nm length, is located in the cell boundary 
region in the framed region in Figure 7.3 (d).  
     
7.1.1.2. Potentiodynamic anodising from the OCP to 3 V (SCE) at a sweep rate 
of 0.03 V/min.  
In order to gain further insight into the mechanism of the formation of the 
copper-rich nanoparticles at low voltages, individual specimens were also anodised 
from the OCP to 3 V (SCE) at a reduced sweep rate of 0.03 V/min. The reduced 
sweep rate enables sufficient thickness of anodic film to be formed on the alloy 
substrate in the relatively low voltage range.  
 
Figures 7.4 (a) and (b) show a bright field transmission electron micrograph and a 
HAADF image respectively of an ultramicrotomed section of the alloy after 
anodising from the OCP to 3 V (SCE) at a sweep rate of 0.03 V/min, revealing a 
porous anodic film of about 460 nm thickness. Again, the morphology of the anodic 
film changes across the thickness, with pores becoming larger approaching the 
film/alloy interface. It is noted that the relatively long period of anodising (about 2 
hours) resulted in chemical dissolution of the porous anodic film and, therefore 
slight modification to the outer regions of the anodic film that was generated at the 
earlier stages of anodising. Under the selected anodising condition, copper-rich 
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nanoparticles were discernable across the thickness of the anodic film (dark spots in 
Figure 7.4 (a) and bright spots in Figure 7.4 (b)-(d)). In addition, significantly large 
spots, of ~30 nm diameter (indicated by the black and white arrows in Figures 7.4 (a) 
and (b) respectively), are also revealed in the anodic film. EDX analysis detected 
zirconium in the relatively large dark spot, suggesting the incorporation of spherical 
β ′ (Al3Zr) dispersoid from the alloy. 
 
7.1.1.3. Constant voltage anodising  
Individual specimens were anodised in a two-electrode cell at 14 V in 
tartaric-sulphuric acid at 310 K for 3 minutes to investigate the filming behaviour 
under conditions close to those normally employed in industrial treatments [149], 
and to compare with the previously observed anodic films. Figures 7.5 (a) and (b) 
respectively show a bright field transmission electron micrograph and a HAADF 
image of an ultramicrotomed section of the anodised specimen, revealing a porous 
anodic film of about 530 nm thickness. The morphology of the porous anodic film 
observed here, with little variation in film morphology across the film thickness, is 
significantly different from that displayed in Figures 7.2 and 7.4, which reveals 
lateral porosity across the anodic film thickness. A copper-enriched layer is evident 
at the film/alloy interface, with occasional copper-rich nanoparticles revealed in 
proximity to the film/alloy interface (indicated by frames in Figure 7.5 (b)). Given 
that no such nanoparticles are revealed elsewhere in the anodic film, the copper-rich 
nanoparticles in the framed regions are thought to be part of the copper-enriched 
layer that protruded into the film, and their connection to the alloy substrate is not 
included in the thin section, therefore, not shown in the micrograph.   
 
7.1.1.4. Characterization of Cu-rich nanoparticles in anodic films 
The focus here is on the structure of the copper-rich nanoparticles revealed 
previously. Unless stated otherwise, anodising was undertaken by potentiodynamic 
process from the OCP to 12 V (SCE) at a sweep rate of 1 V/min, since such a 
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process generates copper-rich nanoparticles at different voltages across the anodic 
film.  
 
The image of a copper-rich nanoparticle present in the outer regions of the anodic 
film displays lattice fringes (Figure 7.6 (a)), contrasting with the surrounding 
amorphous film material. The crystallographic parameters of the copper-rich 
nanoparticle, including interplanar distances and angles between the different 
crystallographic planes, determined by both direct measurement on the lattice image 
and Fast Fourier Transformation (FFT) pattern (Figure 7.6 (b)), are consistent with 
that of θ″ (Al2Cu) phase along the [100] zone axis.  
 
The image of the regions of film/alloy interface (Figure 7.7 (a)) reveals a copper-rich 
nanoparticle at the film/alloy interface and a copper-rich nanoparticle occluded in the 
film material, where the film/alloy interface is indicated by a dashed line. Again, 
lattice fringes at the copper-rich nanoparticles are revealed. Fast Fourier 
Transformation (FFT) patterns (Figures 7.7 (b) and (c)) reveal crystallographic 
structures of θ′ (Al2Cu) and θ (Al2Cu) phases respectively along the [010] zone axis.  
 
Further images of copper-rich nanoparticles in the outer regions of the anodic film 
(Figure 7.8 (a)), immediately above the film/alloy interface (Figure 7.8 (b)), at the 
film/alloy interface (Figure 7.8 (c)), and in the anodic film shown in Figure 7.4 
(Figure 7.8 (d)) collectively show an interplanar spacing of 0.204 nm, consistent 
with the (112) plane of θ′ phase. The observation of Figures 7.6, 7.7 and 7.8 suggests 
that θ″, θ′ or θ phases appear randomly, regardless of their locations and anodising 
voltages. 
7.1.2. Anodising behaviour of intermetallics  
7.1.2.1. Anodising behaviour of constituent particles 
A backscattered electron micrograph of mechanically polished alloy and a secondary 
electron micrograph of the same area after anodising at 14 V in tartaric-sulphuric 
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acid at 310 K for 5 s are shown in Figures 7.9 (a) and (b) respectively. Compositions 
of 16 constituent particles before anodising were determined by EDX and shown in 
Table 7.1 (Nos. 1-16). These particles were arbitrarily classified into two groups 
according to Cu/Fe ratios of particles, with particles of Cu/Fe<0.5 as 
low-copper-containing particles and other particles as high-copper-containing 
particles. Note that an accurate determination of the particle composition by EDX 
analysis is not practically achievable due to relatively large sampling volume of the 
X-ray and the presence of multiphase particles. As a consequence, 10 
high-copper-containing particles and 6 low-copper-containing particles were 
identified in the area examined. After anodising, all the high-copper-containing 
particles appear either darker or brighter than the bulk surface, suggesting the 
formation of cavities or oxides at these particles (oxides are revealed bright due to 
charging effect). No evident morphology change was observed at all the 
low-copper-containing particles except particle 15, where a cavity was observed at 
the downside of the particle corresponding probably to the high-copper-containing 
region of a multiphase particle. EDX analysis detected increased yields of oxygen 
(28 wt. %) and sulphur (1.4 wt. %) at the location of particle 3 after anodising (No. 
17 in Table 7.1), suggesting oxidation of the high-copper-containing particle. Little 
oxygen (3.7 wt. %) and sulphur (< 1 wt. %) were detected at the location of particle 
4 after anodising (No. 18 in Table 7.1), suggesting less oxidation of the 
low-copper-containing particle. An anodic alumina film of ~30 nm thickness was 
formed on the bulk alloy surface, as revealed in the transmission electron micrograph 
of an ultramicrotomed cross section of the anodised alloy (Figure 7.92 (c)).  
 
Figure 7.10 (a) shows a secondary electron micrograph of a multiphase particle on 
the alloy surface after anodising at 14 V in tartaric-sulphuric acid at 310 K for 5 s. 
EDX analyses at locations labelled 19 and 20 in Figure 3 (a) reveal high copper 
content (7.3 wt. %) at the dark region of the particle (No. 19 in Table 7.1) and low 
copper content (3.6 wt. %) at the relatively bright region of the particle (No. 20 in 
Table 7.1). More oxygen and sulphur yields were detected at the 
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high-copper-containing region of the particle compared with the 
low-copper-containing region of the particle, again, suggesting preferential oxidation 
of the high-copper-containing region of the particle. Figures 9.10 (b) shows a 
secondary electron micrographs of the same area at a reduced accelerating voltage of 
5 kV, with electrons being generated from relatively shallow volume. Bright features 
are evident at the high-copper-containing region of the particle, suggesting a relative 
thick oxide film over the region. The oxide is bright due to charging effect.  
 
Backscattered electron micrographs of mechanically polished alloy in two individual 
areas are shown in Figure 7.11 (a), with secondary electron micrographs of the same 
areas after anodising at 14 V in tartaric-sulphuric acid at 310 K for 180 s shown in 
Figure 7.11 (b). Compositions of 13 constituent particles before anodising were 
determined by EDX and shown in Table 7.2 (Nos. 1-13), revealing 8 
high-copper-containing particles and 5 low-copper-containing particles. Again, 
oxides or cavities were observed at all the high-copper-containing particles, with no 
evident morphology change being observed at all the low-copper-containing 
particles in Figure 7.11 (b). EDX analysis at the location of particle 2 after anodising 
(No. 14 in Table 7.2) detected increased yields of oxygen (45 wt. %) and sulphur 
(1.7 wt. %) and much reduced yields of iron, manganese and copper, suggesting that 
the particle has been completely oxidised. Interestingly, the oxides at the locations of 
particle 1 and 2 in Figure 7.11 (b) protrude over the anodised surface, due probably 
to the generation of gas which has expelled the oxides to the surface. According to 
EDX analysis at the location of particle 3 after anodising (No. 15 in Table 7.2), the 
original particle has been replaced by a cavity. EDX analyses at the locations of 
particle 9 and 12 (Nos. 16 and 17 in Table 7.2) detected increased yields of oxygen 
and sulphur and slightly reduced yields of iron, manganese and copper, suggesting 
oxidation of the low-copper-containing particles at this stage. An anodic film of 
~530 nm thickness was formed on the alloy surface, as revealed in the transmission 
electron micrograph of an ultramicrotomed cross section of the anodised alloy 
(Figure 7.11 (c)).  
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A multiphase particle on the alloy surface after anodising at 14 V in 
tartaric-sulphuric acid at 310 K for 180 s is shown in Figure 7.12 (a). EDX analysis 
at relatively bright region of the particle (No. 18 in Table 7.2) suggests that it 
corresponds to the low-copper-containing region of the multiphase particle. The 
relatively dark regions in Figure 7.12 (a) are cavities corresponding to 
high-copper-containing region of the multiphase particle. Figure 7.12 (b) shows a 
secondary electron micrograph of the same area at a reduced accelerating voltage of 
5 kV. The low-copper-containing region of the particle appears darker compared 
with the bulk surface, suggesting a modified oxide film over the 
low-copper-containing region of the particle.  
 
In order to provide further insight into the anodising behaviour of the constituent 
particles, cross sections of the alloy after anodising from the OCP to 7.5 V (SCE) at 
a sweep rate of 0.03 V/min were examined using a Zeiss Ultra 55 scanning electron 
microscope. Figure 7.13 (a) shows a secondary electron micrograph of the anodic 
film attached to the alloy substrate, revealing a partially oxidised constituent particle 
at the film/alloy interface. The particle protrudes into the porous anodic film, 
suggesting that it oxidises more slowly than the alloy matrix. EDX analysis confirms 
that this is a low-copper-containing phase particle. Figures 7.13 (b) and (c) show 
secondary and backscattered electron micrographs of the framed region in Figure 
7.13 (a) at an increased magnification. The interface between the particle and the 
oxide film formed above it is indicated by the white dashed curve whereas the 
boundary between the oxide film formed from the particle and that formed from the 
alloy matrix is indicated by a red dashed curve. Evidently, the oxide film formed 
from the particle is considerably more porous and less regular than the film 
generated from the alloy matrix. Similar anodising behaviour of the 
low-copper-containing particle is revealed in Figures 7.13 (d) and (e), which were 
taken from a different region of the same specimen. 
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Figure 7.14 (a), similar to Figure 7.13 (a) but from another region, shows small 
cavities (some of them are indicated by arrows) within the bulk anodic film and a 
relatively large cavity located approximately below the macroscopic film/alloy 
interface indicated by the dashed line. Figures 7.14 (b) and (c) illustrate the framed 
region in Figure 7.14 (a) at an increased magnification, revealing porous material 
within the cavity and normal anodic film surrounding the cavity. EDX analysis at the 
porous material detected yields from aluminium (66.0 wt. %), copper (1.3 wt. %), 
oxygen (31.6 wt. %) and sulphur (1.1 wt. %). Such material is largely aluminium 
oxide, considering the background signal expected from the bulk anodic film and the 
alloy matrix. 
 
7.1.2.2. Anodising behaviour of dispersoids 
Transmission electron micrographs of ultramicrotomed sections of the alloy after 
anodising from the OCP to 12 V (SCE) at a sweep rate of 1 V/min are shown in 
Figure 7.15. Figure 7.15 (a) displays a particle which protrudes into the porous 
anodic film, with the oxide immediately above it appearing significantly different 
from the normal anodic film. Specifically, the pores in the former appear less regular 
than that in the normal anodic film. EDX analysis at the position indicated by the 
cross in Figure 7.15 (a) reveals yields from oxygen, aluminium, manganese, copper 
and carbon, with the latter resulting from the resin that was used to embed the 
anodised alloy for ultramicrotomy. The yield of oxygen probably arises from oxide 
present on the particle surface. Thus, the particle corresponds to an Al-Cu-Mn-Li 
dispersoid, where lithium can not be detected by EDX but was previously confirmed 
by EELS. Figure 7.15 (b) presents a further partially anodised Al-Cu-Mn-Li 
dispersoid, again with the residual dispersoid protruding into the porous anodic film. 
Figure 7.15 (c) shows a modified porous anodic film (indicated by the dashed line 
circle) surrounded by normal anodic film, with the film morphology similar to that 
formed from the Al-Cu-Mn-Li dispersoid. No residual particle was observed 
immediately beneath the modified porous anodic film. However, a ridge of alloy 
matrix (indicated by the arrow) is evident just below the modified porous anodic 
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film. A region of modified porous anodic film within the normal anodic film is 
shown in Figure 7.15 (d) (indicated by the dashed line circle), with neither a residual 
particle immediately beneath the modified porous anodic film nor a ridge of alloy 
matrix. Comparing Figures 7.15 (c) and (d) with Figures 7.15 (a) and (b), it is 
suggested that the anodised particles in Figures 7.15 (c) and (d) are similar to those 
in Figures 7.15 (a) and (b), i.e. Al-Cu-Mn-Li dispersoids. 
 
The transmission electron micrograph of Figure 7.16 (a) shows a section of the alloy 
after anodising from the OCP to 3 V at the sweep rate of 0.03 V/min, supporting a 
porous anodic film of about 460 nm thickness, with reduced pore dimensions. Two 
spherical dark particles (indicated by the arrows), of ~30 nm diameters, are evident 
in the porous anodic film. EDX analysis detected an increased level of zirconium in 
the particle, suggesting that the dark particles observed in Figure 7.16 (a) are related 
to the β ′ (Al3Zr) dispersoid. Figure 7.16 (b) shows a zirconium-rich particle located 
in the cell wall region of the porous anodic film at an increased magnification. The 
appearance of the zirconium-rich particle is similar to the amorphous anodic film, 
with no lattice fringes revealed at the site of the particle, suggesting that the 
β ′ (Al3Zr) dispersoids shown in Figure 7.16 (a) were oxidised.  
7.1.3. Discussion 
7.1.3.1. Anodising behaviour of the alloy matrix  
At the beginning of potentiodynamic anodising (Figure 7.1), the current was 
restricted due to the presence of an air-formed oxide film over the macroscopic alloy 
surface. At about 0.5 V (SCE), the electric field across the air-formed oxide film is 
sufficient to promote ionic migration and the growth of the anodic oxide commences, 
with a sharp current increase observed. Subsequently, the oxide thickens relatively 
uniformly during the current plateau region that extends to approximately 2 V (SCE); 
pore initiation then occurs and the current density increases quasi-exponentially with 
voltage as for high purity aluminium [153].  
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The change in dimensions of cells across the section of the anodic film formed under 
linear polarization from the OCP to 12 V (SCE) (Figure 7.2) is due to the variation of 
applied voltage [86]. Thus, finer pores are located in the outer regions of the anodic 
film, generated at relatively low voltages, and larger pores are located in the inner 
regions of the anodic film, formed at increased voltages. However, unlike film 
formed on relatively pure aluminium, the difference in anodic film morphology 
between the outer and the inner regions of the porous anodic film is not restricted to 
the cell dimensions. Specifically, the outer regions of the anodic film appear 
relatively well-ordered compared with the inner regions. This is the consequence of 
the oxidation of copper at the film/alloy interface [91, 92, 98, 99]. At low voltages, 
copper is not oxidized and, therefore, the porous anodic film growth is similar to that 
on high purity aluminium, with continuous cell walls and the pores passing 
perpendicularly to the macroscopic alloy surface [98, 99]. Conversely, during the 
formation of the inner regions at increased voltages, copper is oxidized at the 
film/alloy interface and incorporated into the anodic film as copper ions that are 
migrating outward under the electric field [98, 99].  
 
When the anodising voltage is insufficient (e.g. less than 3 V [98]), copper in the 
alloy matrix can not be oxidised and it is occluded in film material as copper-rich 
nanoparticles. The occlusion process is believed to be started from initiation of 
copper-rich nanoparticles at the film/alloy interface in the copper-enriched layer. 
Subsequently, preferential oxidation of aluminium in the alloy matrix beneath the 
anodic film continues, undercutting the growing copper-rich nanoparticles. This, 
then, leads to isolation of the copper-rich nanoparticles from the alloy interface and, 
ultimately, their occlusion within the anodic film material. 
 
When the anodising voltage is sufficient (e.g. more than 6 V [98]), copper is 
oxidized and copper species are incorporated into anodic film. The incorporation of 
copper species, in the form of semi-conductive copper oxide, enables inwardly 
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mobile O2- species to be oxidized, leading to formation of oxygen gas-filled voids 
within the amorphous alumina film material [95, 96]. The gas-filled voids increase in 
size during anodising and finally rupture when the gas pressure reaches a sufficient 
level. The deformation of local film material as a consequence of the rupture of 
gas-filled voids then leads to formation of additional porosity in the anodic film [91, 
92]. Once the gas-filled void ruptures and the trapped oxygen gas is released, the 
anodising electrolyte can access to the alloy matrix below the voids. This, then, 
results in local anodising of the alloy matrix, enrichment of copper at the film/alloy 
interface, formation and anodising of copper-rich nanoparticles, accompanied by 
formation and rupture of oxygen gas-filled voids in the anodic film. Such a cyclic 
process ultimately results in the lateral porosity in addition to the well-defined 
hexagonal cells.  
 
The tendency for formation of copper-rich ridges and nanoparticles in cell boundary 
regions (Figures 7.3 (b), (c) and (d)) suggests that copper may be transported to 
cusps in the film/alloy interface from other regions of the copper-enriched layer, due 
to stresses arising from growing anodic film [154, 155]. The redistribution of copper 
atoms accelerates copper enrichment in the cell boundary regions at the film/alloy 
interface. Coalescence of adjacent copper-rich nanoparticles in the cell boundary 
regions leads to elongated shape of copper-rich nanoparticles. The present finding is 
consistent with the work of Garcia-vergara et al. [156], who observed elongated gold 
nanoparticles in cell boundary regions of the porous anodic film formed on a 
sputtering-deposited Al-1 at. % Au alloy following anodising in 0.4 M sulphuric acid 
electrolyte at a current density of 5 mA/cm2. Additionally, accumulation of copper in 
the cell boundary regions of the anodic film is supported by the presence of defects 
in cell boundary/pore wall regions of the anodic film formed on 99.99 % aluminium 
alloy containing 30 ppm copper impurity in phosphoric acid over a wide range of 
conditions [157]. It was revealed that the defects originated in the triple points of the 
alumina cells, where copper was proposed to be delivered from the moving 
film/alloy interface due to preferential oxidation of aluminium, leading to oxygen 
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generation and subsequent nucleation of oxygen gas-filled voids along cell 
boundaries. 
 
7.1.3.2. Formation of copper-rich particles  
Copper-rich particles with crystallographic structures of either θ″, θ′ or θ phases have 
been revealed both within the anodic films and at the film/alloy interface. Similar 
copper-rich nanoparticles were observed [99] in anodic films formed at low voltages 
on sputtering-deposited binary Al-Cu alloys which are precipitate-free.  
 
The present result is comparable with the work of Habazaki et al. [158], who 
observed discrete Al2Au nanoparticles in the gold-enriched layer of anodised Al-Au 
alloys containing 0.4 and 3.8 at. % Au. However, the mechanism for formation of 
nanoparticles in the enriched layer during anodising is still unknown. Focusing on 
the present work, the following mechanism is proposed. The copper-enriched layer is 
considered to be equivalent to an Al-Cu supersaturated solid solution (SSS), since the 
average copper concentration in the copper-enriched layer under steady conditions 
can reach ~40 at. %. Such copper concentration is higher than that of θ″, θ′ and θ 
phases [36, 37, 49]. Therefore, the driving force for formation of θ″, θ′ and θ phases 
in the copper-enriched layer is significant. However, it is suggested that θ″, θ′ and θ 
phases formed randomly in the copper-enriched layer and subsequently occluded in 
anodic film material (Figures 7.6, 7.7 and 7.8), instead of following the accepted 
precipitation sequence of an Al-Cu SSS, namely starting from GP (I) zone, to GP (II) 
zone/θ″, θ′ and θ [26, 27, 159, 160]. This suggests an ordering process, involving 
short distance rearrangement of copper and aluminium atoms, as the formation 
mechanism of the Al-Cu particles in the copper-enriched layer.  
 
Concerning the nucleation process, non-uniform distribution of alloying elements in 
the enriched layer must be considered. Habazaki et al. [161] observed tungsten-rich 
oxide fingers, projecting from the film/alloy interface, above the tungsten-enriched 
layer, during anodising of a tungsten-containing aluminium alloy. Bailey et al. [148] 
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investigated the outer 20 nm of an electropolished Al–1 at.% Cu alloy, using 
medium-energy ion scattering (MEIS), suggesting clusters of copper-rich material in 
the copper-enriched layer. Similarly, it is believed that copper-rich precursor clusters 
are formed in the copper-enriched layer during anodising of AA 2099-T8 aluminium 
alloy. The copper-rich precursor clusters are small groups of copper atoms, which 
formed as a consequence of preferential oxidation of aluminium. Specifically, as the 
aluminium atoms are preferentially oxidised, vacancies with their population 
densities comparable with that of the oxidised aluminium atoms are created in the 
alloy matrix immediately beneath the anodic film. Moving and subsequent merger of 
adjacent vacancies under the stresses of the growing anodic film enable copper 
atoms which are initially separated by aluminium atoms to be aggregated locally. 
Thus, copper-rich clusters are formed. The copper-rich clusters may converge to 
reduce surface energy, leading to the growth of copper-rich clusters.  
 
7.1.3.3. Oxidation of the low-copper-containing particles 
The low-copper-containing particles oxidise more slowly than the alloy matrix, 
generating a highly porous and irregular anodic oxide (Figure 7.13). During 
anodising, porous film formation proceeded over the macroscopic alloy surface 
above the particle and the film/alloy interface receded. The receding film/alloy 
interface reached the particle at the depth indicated by a dashed line in Figures 7.13 
(c) and (e), and the oxidation of the particle commenced. The film formation over 
the particle proceeded more slowly than that over the surrounding matrix regions. 
Thus, the film/alloy interface in the matrix regions receded faster than the 
film/particle interface, leading to partial protrusion of the particle into the films. The 
anodising rate of the particle is represented by the ratio a/b where “a” is the distance 
between the dashed line and the film/particle interface and “b” is the distance 
between the dashed line and the bulk film/alloy interface around the particle. The 
ratio of a/b is 0.52, indicating that the low-copper-containing particle anodises at 
about one-half of the rate of the alloy matrix. The reduced oxidation rate of the 
low-copper-containing particles may lead to their incomplete oxidation and 
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subsequent occlusion in the anodic alumina film [109], although no occluded 
low-copper-containing particles were observed in the present study. 
 
Concerning the highly porous anodic film formed on the low-copper-containing 
particle, the relatively high concentrations of Fe, Mn and Cu in the particle play a 
critical role. These alloying elements are expected to enrich at the film/particle 
interface in the early stages of the anodising of the particle, due to less negative 
Gibbs free energy per equivalent (△Go/eq) for formation of the alloying element 
oxides relative to alumina [87]. Once a critical concentration level is achieved, the 
alloying elements co-oxidise with aluminium, with oxidised species incorporated 
into the anodic film material [87]. Anodising of the non-valve metals, e.g. copper, is 
usually accompanied by generation of oxygen gas-filled voids within the barrier 
layer of the anodic film [95, 96, 162]. The voids increase in size with progress of the 
anodising process and finally rupture the oxide at a sufficiently high gas pressure. 
This is followed by infiltration of the electrolyte and anodising of metal matrix 
below the ruptured oxide material. Such a process is generally responsible for the 
formation of the so-called lateral porosity in the porous anodic film generated on 
copper-containing aluminium alloys [91, 92]. Thus, the relatively high copper 
concentration in the particle relative to the alloy matrix has mainly contributed to the 
modification of the oxide film morphology. 
 
7.1.3.4. Oxidation of the high-copper-containing particles  
The cavities revealed on the anodised alloy surfaces (Figures 7.9 (b) and 7.11 (b)) 
are attributed to oxidation of high-copper-containing particles. Further, the cross 
sectional view of the anodised alloy (Figures 7.14) enables investigation of the 
oxidation behaviour of high-copper-containing particles. It is revealed that the 
topside of the cavity shown in Figure 7.14 (a) is very close to the macroscopic 
alloy/film interface, and the height of the cavity above the macroscopic film/alloy 
interface is comparable with the width of the anodic film surrounding the cavity. 
This suggests that the electrolyte quickly accessed to the alloy matrix adjacent to the 
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original particle after contacting the particle part that is nearest to the electrolyte/film 
interface, producing the oxide revealed around the cavity. Consequently, it can be 
concluded that the high-copper-containing particle was oxidised much faster the 
alloy matrix.  
 
Oxide films can be formed on high-copper-containing particles in early stages of 
anodising (Figure 7.9 (b) and Figure 7.10). However, such films have a poor 
adhesion to the underlying substrate and tend to fall from the alloy surface during 
prolonged anodising; this generates cavities where high copper particles were 
located (Figure 7.11 (b) and Figure 7.12). Considering the effect of alloying 
elements on the morphology of the oxide film formed on low-copper-containing 
particles, a more porous and flawed oxide film is expected to be formed on 
high-copper-containing particles due to the increased level of copper and similar 
levels of iron and manganese. The increased concentration of copper promotes more 
vigorous oxygen generation and faster oxide film rupture. This results in a weak 
oxide film which can be easily attacked by the anodising electrolyte and removed 
from the surface. This process can explain the formation of oxide film over 
high-copper-containing particles after anodising for only 5 seconds and the 
generation of cavities at the locations of high-copper-containing particles after 
anodising for 180 seconds.  
  
However, given a slower oxidation rate of low-copper-containing particles with 
respect to the alloy matrix, a faster consumption of high-copper-containing particles 
during anodising suggests that other factors may contribute to the overall behaviour. 
Specifically, high-copper-containing particles are formed during casting and 
low-copper-containing particles are formed during homogenisation due to diffusion 
of copper from high-copper-containing particles into alloy matrix. Considering the 
high content of lithium (1.62 wt. %) in the alloy, it is possible that 
high-copper-containing particles also contain a high level of lithium, which can not 
be detected by EDX. Lithium might diffuse into the alloy matrix together with 
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copper when low-copper-containing particles were formed. Thus, relatively high 
concentration of lithium in high-copper-containing particles compared with 
low-copper-containing particles further contributes to their different responses to 
anodising, in addition to the influence of copper. Due to the high activity of lithium 
in acidic solutions, high-copper-containing particles will experience a dealloying 
process under the high electric field, by preferential dissolution of relative active 
alloying elements such as lithium and aluminium and enrichment of relatively noble 
alloying elements such as copper and iron. Dissolution of lithium and aluminium, 
particularly the latter, renders the formation of an acid-resistant alumina network 
difficult.  
 
In summary, intensive oxygen generation as a consequence of oxidation of copper 
and iron at the particle/oxide interface produces a highly flawed oxide and the 
electrolyte can easily access the particle substrate and consume it at a very high rate. 
Further, the co-oxidation of lithium generates an oxide that can more easily dissolve 
in the acidic environment. Both processes concurrently increase the oxidation rate of 
the high-copper-containing particles. 
 
7.1.3.5. Oxidation of dispersoids  
The porous anodic film formed on the Al-Cu-Mn-Li dispersoid is less regular than 
that formed on the alloy matrix (Figure 7.15 (a)). Similar to the 
low-copper-containing particles, the modified morphology of porous anodic film 
formed on the Al-Cu-Mn-Li dispersoid is due, mainly, to compositional differences 
relative to the alloy matrix. Interestingly, three types of film/alloy interfaces are 
displayed below the oxidised Al-Cu-Mn-Li dispersoids (Figure 7.15), reflecting the 
anodising behaviour of the dispersoid. The protruding residual Al-Cu-Mn-Li 
dispersoids in Figures 7.15 (a) and (b) are direct evidence of their slower oxidation 
rate compared with the alloy matrix. A ridge of alloy matrix at film/alloy interface is 
formed (Figure 7.15 (c)) if the oxidation of a dispersoid had completed shortly 
before the termination of anodising. Such a ridge would be flattened if the oxidation 
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of a dispersoid had completed well before the termination of the anodising process, 
as shown in Figure 7.15 (d). It is also inferred from Figures 7.15 (c) and (d) that the 
oxidation rate of the Al-Cu-Mn-Li dispersoid is not sufficiently slow to result in 
incomplete oxidation of the Al-Cu-Mn-Li dispersoids and their subsequent 
occlusion.  
 
The β ′ (Al3Zr) dispersoids oxidise in a similar way to the alloy matrix, leading to 
negligible modification of the oxide film and of the interface. This can be explained 
by considering that the Gibbs free energy per equivalent for formation of zirconium 
oxide and alumina are similar, as are also the mobility of Zr4+ and Al3+ species 
within the oxide [87]. 
 
7.1.3.6. Discontinuities in the anodic alumina films  
The different anodising behaviour of the various intermetallics initially present in 
AA 2099-T8 aluminium alloy has led to generation of discontinuities, including 
cavities, modified porous anodic films and occluded particles, in the anodic alumina 
film formed on the alloy surface. For the intermetallic particles with anodic oxide 
formed on them unstable in the anodising electrolyte (e.g. the 
high-copper-containing particle), cavities were left in the anodic alumina film 
formed from the surrounding alloy matrix. Regarding the particles with anodic oxide 
formed on them relatively stable in the anodising electrolyte, they were either 
completely oxidised with modified film morphology (e.g. the Al-Cu-Mn-Li 
dispersoid), or partially oxidised and subsequently occluded in the anodic alumina 
film (e.g. the low-copper-containing particle), depending on their oxidation rates 
relative to that of the alloy matrix. The impact of the discontinuities in the anodic 
alumina film, due to oxidation of intermetallics, on the performance of the anodised 
alloy under service conditions is the subject of further work.  
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7.2. Anodising in ammonium pentaborate 
The relatively thin barrier layer generated in tartaric-sulphuric acid hinders detailed 
studies of the generation of the copper-rich nanoparticles, their oxidation and 
consequent gas evolution within the barrier layer in proximity to the alloy/film 
interface. For this reason, barrier-type anodic films of different thicknesses were 
generated on mechanically polished alloy in ammonium pentaborate. 
7.2.1. Voltage-time responses  
The voltage-time response for anodising mechanically polished alloy to dielectric 
breakdown in ammonium pentaborate (Figure 7.17) revealed an initial voltage surge 
of about 4 V, due to the presence of an air-formed alumina film, followed by a linear 
voltage rise with a slope of about 2.2 V/s to a voltage of ~12 V. Subsequently, the 
voltage increased at a progressively reduced rate to about 20 V. Thereafter, the 
voltage increased linearly (2.0 V/s) to ~200 V. After 200 V, the increase of voltage 
with time was significantly reduced (1.0 V/s). The sharp reducion of the slope 
coincided with evolution of gas from the alloy surface. Subsequently, the voltage 
increased approximately linearly with a slope of about 1.6 V/s to about 300 V, before 
gradually approching dielectric breakdown at about 350 V. 
7.2.2. Surface appearance 
Figures 7.18 (a) and (b) show surface flaws, with dimensions ranging from several 
micrometers (indicated by dashed line circles) to hundreds of nanometres (indicated 
by white arrows), on the alloy surface after anodising to 20 V. EDX analysis at 
location 1 detected aluminium (40.5 wt. %), iron (7.4 wt. %), manganese (1.7 wt. %), 
copper (18.5 wt. %) and oxygen (31.9 wt. %), suggesting an oxidised 
high-copper-containing Al-Fe-Mn-Cu particle. The relatively large flaw in Figure 
7.18 (b) appears in the middle of a particle containing 69.4 wt. % Al, 15.0 wt. % Fe, 
10.0 wt. % Mn and 5.6 wt. % Cu, suggesting a multiphase Al-Fe-Mn-Cu particle, 
where the high-copper region of the multiphase particle was preferentially oxidised 
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while the low-copper region remained un-oxidised. The bright features indicated by 
the dark arrows are oxide material drifted from the oxidised particles and are 
revealed bright due to charging effects. The flaws indicated by the white arrows have 
a population density consistent with that of Al-Cu-Mn-Li dispersoids. Zooming in 
one of such flaws, Figure 7.18 (c) shows oxide material expelled from a cavity in the 
anodised surface. EDX analysis at the oxide material (location 2) detected 
aluminium (86.5 wt. %), copper (2.4 wt. %), manganese (0.6 wt. %) and oxygen 
(10.5 wt. %), confirming that such flaws are oxidised Al-Cu-Mn-Li dispersoids 
(lithium is undetectable by EDX). Occasionally, oxide material detached from 
oxidised Al-Cu-Mn-Li dispersoids and rod-like cavities are revealed (Figure 7.18 
(d)). The surface morphology of the alloy anodised to 100 V is similar to what 
shown above and the related micrographs were not shown. 
   
In addition to anodised constituent particles and dispersoids, fine circular cavities 
appeared after anodising to 250 V, as shown in Figures 7.18 (e) and (f). In Figure 
7.18 (e), cavities with bright rims, typically ~170 nm in diameter, are evident across 
the surface. The bright rims are associated with charging effects due to the presence 
of oxide material at the opening of the cavities. The relatively large cavity in the 
middle of the image (indicated by the arrow in Figure 7.18 (e)) is related to oxidation 
of an Al-Cu-Mn-Li dispersoid, distinguished by the rod-like shape of the light 
contrast adjacent to the cavity. The oxide material observed in Figure 7.18 (c) is 
absent here probably because it dropped from the alloy surface after prolonged 
anodising. At an increased magnification (Figure 7.18 (f)), cavities of ~40 nm 
diameter are also disclosed, as well as the cavities of ~170 nm diameter (indicated by 
arrows). 
7.2.3. Cross sectional characterisation 
Transmission electron micrographs of a cross section of the alloy after anodising to 
20 V in ammonium pentaborate (Figures 7.19 (a) and (b)) reveal an amorphous 
anodic film of ~23 nm thickness. The waved surface profile originated from the 
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pre-existing roughness of mechanically polished surface. Fine voids (indicated by 
arrows in Figure 7.19 (b)) of ~1 nm in the direction normal to the interface plane and 
up to 20 nm in the direction parallel to the interface are evident at the alloy/film 
interface. Such voids at the film/alloy interface are probably associated with 
oxidation of lithium in the alloy matrix because of the significantly reduced 
Pilling-Bedworth Ratio (PPR) of Li / Li2O (0.58) relative to that of Al / Al2O3 (1.65) 
[102]. 
  
The cross section of the alloy after anodising to 100 V in ammonium pentaborate 
reveals an amorphous anodic film of ~125 nm thickness (Figure 7.20 (a)). A dark 
band of ~2 nm thickness is revealed at the film/alloy interface. EDX analysis of the 
dark band revealed increased yield of copper, indicating the enrichment of copper at 
the film alloy interface. Of particular interest here, occasionally, light features are 
revealed within the amorphous anodic film (Figures 7.20 (b), (c) and (d)). They are 
oxygen gas-filled voids as suggested in the literature [95, 96]. Figure 7.20 (b) shows 
a spherical void of ~20 nm diameter, located at a depth of about 75 % of the total 
film thickness, with no discernable film deformation in the region surrounding the 
void. A large void (~20 nm width and ~40 nm height) is revealed at a depth of 
20-35 % of the total film thickness (Figure 7.20 (c)). A protrusion of the film 
material at the film surface and an alloy ridge at the film/alloy interface are revealed 
above and below the void respectively. The protrusion above the void probably 
resulted from the high gas pressure within the void [95]. The alloy ridge below the 
void suggests a reduced film growth rate below the void, ascribed to restricted ionic 
migration across the oxygen gas-filled void [90, 95]. The void shown in Figure 7.20 
(d) traversed the film thickness, with an alloy ridge similar to that observed in Figure 
7.20 (c) revealed below the void. Notably, the copper-enriched layer is absent at the 
alloy ridge, suggesting a correlation between the void formation and the 
modification of the copper-enriched layer, as discussed later.    
 
The cross section of the alloy after anodising to 250 V in ammonium pentaborate 
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(Figure 7.21) reveals a barrier-type anodic film of average thickness of 328 nm. The 
film thickness was non-uniform along the section, with variations of about 10 %. 
The electrolyte/film and film/alloy interfaces are rougher than those of the films 
formed to 20 and 100 V. Notably, the anodic film formed to 250 V is extensively 
decorated with oxygen gas-filled voids. The voids, with sizes ranging from several 
nanometres to tens of nanometres, are mainly located in the inner part of the anodic 
film at depths between 45-90 % of the average film thickness, suggesting formation 
of oxygen gas-filled voids in relatively late stages of anodising. Open voids in outer 
region of the anodic film (indicated by arrows in Figure 7.21) (b)) are evident, 
suggesting rupture of the anodic film at particular sites during film growth. 
 
Sections of the alloy after anodising to 100 and 250 V were further examined using a 
high resolution transmission electron microscope. High angle annular dark field 
(HAADF) images of the anodic films formed to 100 V in ammonium pentaborate are 
shown in Figure 7.22. For a region of the anodic film that is free of oxygen gas-filled 
voids (Figure 7.22 (a)), the composition of the anodic film is uniform across the film 
thickness and the copper-enriched layer is displayed as a light band in the alloy 
matrix immediately beneath the anodic film. A region of the anodic film, containing 
an occluded void and an open-to-surface void, is displayed in Figure 7.22 (b). 
Interestingly, light features are revealed within the anodic film beneath the bottom of 
the voids, suggesting the presence of heavy elements. EDX analyses detected 
increased levels of copper at the light features. At increased magnifications (Figures 
7.22 (c) and (d)), the light features are revealed as nanoparticles of 1-2 nm diameters.  
 
HAADF images of a region of the anodic film formed to 250 V in ammonium 
pentaborate are displayed in Figure 7.23. Again, copper-rich nanoparticles are 
revealed beneath the bottom of the voids (Figures 7.23 (b) and (c)). At location A, 
several copper-rich nanoparticles are revealed above a copper-rich ridge that is 
attached to the alloy matrix.  
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Figure 7.24 shows lattice images of ultramicrotomed sections of the alloy after 
anodising to 100 V, with a focus on the film/alloy interface. In the micrographs, the 
copper-enriched layers are revealed as dark bands of about 2 nm thickness (indicated 
by parallel dashed lines); the copper-rich nanoparticles are revealed as spherical 
particles with lattice fringes (indicated by dashed line circles). Crystallographic 
parameters of the copper-rich nanoparticles, including interplanar distances and 
angles between the different crystallographic planes, were obtained from direct 
measurement of the lattice fringes. The lattice parameters of the copper-rich 
nanoparticles shown in Figures 7.24 (a) and (b) are consistent with those of θ″ and θ' 
phases respectively. Further, the θ″ phase nanoparticle shown in Figure 7.24 (a) is 
small (~2 nm) and completely enclosed in a relatively straight proportion of the 
copper-enriched layer, contrasting with the θ' phase nanoparticle displayed in Figure 
7.24 (b), which is relatively large (~5 nm) and partially protrudes into the anodic 
film, leaving an alloy ridge. Such observation suggests that, with growth of the 
anodic film, small copper-rich nanoparticles occluded in the copper-enriched layer 
may grow up and finally protrude into the surrounding film material. Details of the 
process are discussed later. 
7.2.4. Discussion 
7.2.4.1. Barrier-type anodic film growth on the alloy  
Anodising of the alloy to about 12 V in ammonium pentaborate reveals a voltage rise 
of 2.2 V/s, which is very close to that of Al- 11 at. % Li (2.2 V/s [102]), Al- 1 at. % 
Cu alloy (2.3 V/s [95]) and pure aluminium (2.4 V/s [78]) under the selected 
conditions. This suggests a relatively high current efficiency for anodising of the 
alloy in this voltage range, given that the current efficiency for anodising pure 
aluminium in similar conditions is 100 %. A progressive drop of current efficiency 
occurs between 12 and 20 V before the voltage rise resumes its linearity. The cross 
sectional view of the anodic film formed to 20 V (Figure 7.19) shows neither 
significant flaws within the anodic film nor discernable copper-enriched layer at the 
film/alloy interface. According to the literature [95, 102], the voltage-time responses 
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of model binary Al- 11 at. % Li and Al- 1 at. % Cu alloys are linear with slopes of 
2.2 and 2.3 V/s respectively in the corresponding voltage range, suggesting that the 
observed current efficiency drop in the present work is also not to be related to a 
change in film resistivity or loss of alloying element species. Therefore, the reduced 
current efficiency between 12 and 20 V should be mainly attributed to the 
preferential oxidation of intermetallics in the alloy. This assumption is supported by 
the oxidised constituent particles and dispersoids (Figures 7.18 (a)-(d)), and also by 
the relatively thin oxide film (~23 nm) on the macroscopic alloy surface (Figure 
7.19).   
 
During anodising between 20 and 200 V, the voltage increases linearly with a slope 
of 2.0 V/s. The current efficiency calculated from the V/t curves is 83 %, in 
agreement with that estimated based on the film thickness measured from TEM 
(85 %). This current efficiency (83 %) is larger than that between 12 and 20 V, and 
about 9 % less than that between 0 and 12 V (92 %). The 9 % reduction of current 
efficiency here can perhaps be ascribed to the generation of oxygen gas-filled voids 
within the anodic film. 
 
The current efficiency decay between 200 and 250 V is accompanied by evolution of 
gas on the alloy surface. The plan views of the alloy after anodising to 250 V reveal 
cavities, typically 40-170 nm in diameter, on the film surface. Further, the cross 
sectional views of the same specimen reveal a significantly increased population 
density of oxygen gas-filled voids within the anodic film. Additionally, rupture of the 
outer regions of the anodic film is evident. Thus, the cavities (Figures 7.18 (e) and 
(f)) and the gas evolution observed during anodising are the consequence of rupture 
of anodic film and release of oxygen gas. The light rims around the cavities 
correspond to the film material that was originally located over the oxygen gas-filled 
voids and was expelled to the surface by the released oxygen gas. Local healing of 
the ruptured anodic film simultaneously took place by preferential growth of the 
anodic film at an increased film growth rate at the sites of the ruptured oxygen 
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gas-filled voids. In this circumstance, the current efficiency decay observed between 
200 and 250 V is due to the rupturing and healing of the anodic film at local sites. 
Beyond 250 V, the slope of the voltage rise is 1.6 V/s, between the slopes of 2.0 V/s 
for the voltage range from 20 to 200 V and 1.0 V/s for the voltage range from 200 to 
250 V, suggesting a period of gradually ceasing of film rupturing and healing. 
 
7.2.4.2. Oxidation of copper-rich nanoparticles  
Previous work on porous anodic films generated on AA 2024 [98, 99] alloys in 
acidic electrolyte under linear polarization revealed the presence of a high population 
density of copper-rich nanoparticles in the anodic film formed at relatively low 
voltages. It was proposed that the copper-rich nanoparticles developed from the 
copper-enriched layer. At increased potentials, however, the copper-rich 
nanoparticles are oxidised, consequently leading to oxygen gas generation and 
additional lateral porosity in the porous anodic films [98, 99]. Such irregular pore 
morphology was considered to arise from rupturing of the barrier layer beneath the 
pore due to the high pressure of oxygen gas-filled voids formed within the anodic 
film and subsequent electrolyte infiltration, resulting in lateral porous growth [91, 
92].  
 
In the present work, copper-rich nanoparticles were observed at the interface 
between the anodic film and the alloy matrix. Of particular significance here, it is 
evident that the copper-rich nanoparticles protrude into the anodic film as they 
develop from the copper-enriched layer (Figure 7.24). As suggested by the literature 
[95, 148], the distribution of copper atoms within the copper-enriched layer in the 
alloy matrix at the film/alloy interface is unlikely to be uniform and copper-rich 
precursor clusters are formed in the copper-enriched layer. The copper-rich precursor 
clusters are small groups of copper atoms, which formed as a consequence of 
preferential oxidation of aluminium. With further thickening of the anodic film, 
selective oxidation of aluminium atoms in the vicinity of the copper-rich precursor 
clusters continues. This is accompanied by aggregation of adjacent copper-rich 
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precursor clusters to reduce surface energy, leading to the growth of the copper-rich 
precursor clusters into relatively large copper-rich nanoparticles. In this process, the 
alloy matrix beneath the anodic film (more precisely the copper-enriched layer 
supported by the alloy matrix) surrounding the growing copper-rich precursor 
clusters is encroached by retreat of the film/alloy surface. Consequently, the growing 
copper-rich nanoparticles gradually protrude into the surrounding film material.  
 
The further the copper-rich nanoparticles protrude into the film, the closer their 
locations to the film/electrolyte interface and, consequently, the higher the local 
electric field and the higher interface potential available for oxidation of them. When 
a sufficient dimension is achieved, the copper-rich nanoparticles begin to oxidise in 
the region located more closely to the film/electrolyte interface, because the external 
part of the nanoparticle is subjected to an increased electric field. Once oxidation 
commences, a semiconducting copper oxide [163, 164] is generated in the anodic 
film immediately above the oxidising copper-rich nanoparticles. Consequently, 
electrons can traverse the semiconducting copper oxide and the inwardly mobile O2- 
ions may be oxidised to oxygen gas at the copper-rich oxide/alumina interface. 
 
The generated oxygen gas is not immediately released, but resides initially in small 
oxygen gas-filled voids. Following prolonged anodising, the small oxygen gas-filled 
voids may grow up and the trapped oxygen gas may be released eventually when 
film material ruptures under the oxygen gas pressure. The relatively large oxygen 
gas-filled voids might be formed by coalescence of small oxygen gas-filled voids 
due to possible plasticity of the anodic film material [154, 165] under the high 
electric field of ~8x108 Vm-1 [78]. The growth of an oxygen gas-filled void ceases 
once the copper-rich oxide (for complete oxidisation of a copper-rich nanoparticle) 
or, both the copper-rich oxide and the residual copper-rich nanoparticle beneath the 
copper-rich oxide (for incomplete oxidation of a copper-rich nanoparticle) are 
separated from the metallic interface by the alumina formed from the alloy matrix 
beneath the oxidised copper-rich nanoparticles. This is because the alumina between 
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the oxidised particles and the metallic interface is insulating for electrons and can 
prevent the electrons carried by inwardly mobile O2- ions from being discharged.   
 
Once the film material ruptures and the oxygen gas is released, anodising of the alloy 
matrix below the oxygen gas-filled voids occurs, at an increased film growth rate, to 
heal the ruptured anodic film. At this site, the copper-enriched layer and the 
protruding copper-rich nanoparticles have to be re-established before oxidation of 
copper atoms, incorporation of copper species, reduction of inwardly mobile O2- ions, 
generation of oxygen gas-filled voids and rupture of the film material can take place 
again.  
7.3. Effect of alkaline etching on anodising behaviour of the alloy  
Alkaline etching can remove intermetallics on the alloy surface and lead to the 
development of a copper-enriched layer in the alloy matrix immediately beneath the 
residual alumina film. Following studies of porous and barrier-type anodic film 
growth on mechanically polished alloy, the effect of alkaline etching on anodising 
behaviour of the alloy was also investigated by comparing the electrochemical 
responses and resultant anodic films associated with both mechanically polished and 
alkaline etched specimens. 
7.3.1. Porous anodic film growth 
Figure 7.25 compares the current density-time responses recorded during anodising 
mechanically polished and alkaline etched alloy at 14 V in tartaric-sulphuric acid at 
310 K for 180 s. The current densities dropped sharply in the first several seconds, 
reaching the lowest current density of ~5 mA/cm2. Thereafter, the current densities 
recovered for both, with the current density increasing faster for mechanically 
polished alloy than alkaline etched alloy. After anodising for about 18 s, the increase 
of current density with time was significantly reduced for both. Since then, the 
current density of mechanically polished alloy increased slowly with time, with 
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fluctuations, till the termination of the anodising. For alkaline etched alloy, the 
current density levelled off for about 5 s before it gradually increased to a relatively 
stable current density. During the whole course of anodising, the current density of 
mechanically polished alloy is always larger than that of alkaline etched one.  
 
The morphology of the anodic films formed on mechanically polished and alkaline 
etched alloy was compared at three critical time points shown by the current 
density-time responses, namely 5, 20 and 180 s. Figures 7.26 (a) and (b) show 
transmission electron micrographs of the cross sections of mechanically polished and 
alkaline etched alloy respectively, after anodising in tartaric-sulphuric acid for 5 s, 
revealing barrier-type anodic films on the alloy matrix. Scalloped film/alloy 
interfaces are evident in both micrographs, suggesting initiation of typical pores 
within films. The copper-enriched layers [80] immediately beneath the films, 
revealed as dark bands, are less evident in Figure 7.26 (a) than in Figure 7.26 (b), 
suggesting less enriched copper at the film/alloy interface of mechanically polished 
alloy than alkaline etched one due to the pre-developed copper-enriched layer at the 
interface between the residual alumina film and the alloy matrix during alkaline 
etching [145, 146].  
 
Porous anodic films were formed on both mechanically polished and alkaline etched 
alloy after anodising in tartaric-sulphuric acid for 20 s (Figures 7.27 (a) and (b)). The 
morphology of the anodic film formed on mechanically polished alloy is typical, 
with cylindrical pores extending from the film surface to the film/alloy interface. In 
contrast, the anodic film formed on alkaline etched alloy shows irregular pore 
morphology, with lateral porosity in the cell boundaries of the major pores. 
According to the literature [91, 92, 98, 99], such irregular pore morphology with 
lateral porosity originated from oxidation of copper and subsequent generation of 
oxygen gas-filled voids during anodising. Thus, it is suggested that, after anodising 
for 20 s, copper in the copper-enriched layer of mechanically polished alloy is not 
sufficiently high for oxidation; on the contrary, a sufficient level of copper has been 
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established in the copper-enriched layer of alkaline etched alloy and, therefore, 
oxidation of copper and subsequent generation of oxygen gas-filled voids occurred 
[91, 92, 98, 99]. 
 
Porous anodic films with increased thicknesses are revealed on both mechanically 
polished and alkaline etched alloy after anodising in tartaric-sulphuric acid for 180 s 
(Figures 7.28 (a) and (b)). The anodic films are very similar in morphology, except 
that there is no lateral porosity in the outer ~80 nm anodic film over mechanically 
polished alloy, but the lateral porosity is revealed uniformly across the anodic film 
over alkaline etched alloy. 
7.3.2. Barrier-type anodic film growth 
The voltage-time responses recorded during anodising mechanically polished and 
alkaline etched alloy to 250 V in 0.1 M ammonium pentaborate, at a current density 
of 5 mA/cm2, at 293 K, are present in Figure 7.29 (a). The framed region in Figure 
7.29 (a) is shown in Figure 7.29 (b) at an increased magnification. For mechanically 
polished alloy, an initial voltage surge of ~4 V is revealed due to the presence of 
air-formed alumina film, followed by a linear voltage rise with a slope of about 2.2 
V/s, similar to that of pure aluminium (2.4 V/s [78]), to the voltage of ~12 V. 
Subsequently, the voltage increased at a progressively reduced rate to about 20 V. 
Thereafter, the voltage increased linearly (2.0 V/s) to ~200 V. After 200 V, the 
increase of voltage with time was significantly reduced (1.0 V/s). Subsequently, the 
voltage increased approximately linearly with a slope of about 1.6 V/s till the 
termination of the anodising. For alkaline etched alloy, an initial voltage surge of ~4 
V is also revealed. Then, after a transient decrease, the voltage increased linearly to 
150 V at a slope of ~1.7 V/s. After 150 V, the slope decreasd slightly before it 
re-establish a constant value of 1.6 V/s between 200 and 250 V. Compared with the 
voltage-time response of the mechanically poloshed alloy, the voltage-time response 
of the alkaline etched alloy displays less evident voltage plateau in early stage of 
anodsing and a reduced slope of voltage rise during
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anodic films (1.7 and 2.0 V/s respectivley).  
 
Transmission electron micrographs of the cross sections of mechanically polished 
and alkaline etched alloy after anodising in ammonium pentaborate to 20 V are 
shown in Figures 7.30 (a) and (b) respectively. It is revealed that the copper-enriched 
layer [80] is not discernable on mechanically polished alloy (Figure 7.30 (a)) but is 
evident on alkaline etched alloy (Figure 7.30 (b)). In addition, a fine void (indicated 
by the arrow) is revealed in the anodic film formed on alkaline etched alloy, with a 
metal ridge at the film/alloy interface below the void and a surface protrusion above 
the void. According to the literature [95, 96], this void and voids observed later 
within the anodic film material are oxygen gas-filled voids formed as a consequence 
of copper oxidation and generation of oxygen gas within the anodic film. This 
observation suggests that oxygen gas-filled voids have been developed in very early 
stages of anodising for alkaline etched alloy. 
 
Transmission electron micrographs of the cross sections of mechanically polished 
and alkaline etched alloy after anodising in ammonium pentaborate to 100 V are 
shown in Figures 7.31 (a) and (b) respectively. Oxygen gas-filled voids with 
increased size and population density are revealed for both conditions. However, the 
population density of oxygen gas-filled voids within the anodic film formed on 
alkaline etched alloy is higher than that within the anodic film formed on 
mechanically polished alloy. After anodising in ammonium pentaborate to 250 V 
(Figures 7.32 (a) and (b)), for both conditions, more oxygen gas-filled voids 
appeared within the anodic film material and some of them finally ruptured. Further, 
it is revealed that most of the oxygen gas-filled voids are located in the inner part of 
the anodic film formed on mechanically polished alloy (Figure 7.32 (a)) but across 
the thickness of the anodic film formed on alkaline etched alloy (Figure 7.32 (b)), 
again suggesting earlier development of oxygen gas-filled voids in the anodic film 
formed on alkaline etched alloy than mechanically polished alloy. 
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7.3.3. Discussion 
7.3.3.1. Comparison of porous anodic film growth 
Irregular pore morphology in the porous anodic film formed on alkaline etched alloy 
after anodising in tartaric-sulphuric acid for 20 s coincides with the occurrence of the 
current density plateau between 18 and 23 s (Figure 7.25). The irregular pore 
morphology is resulted from oxidation of copper and subsequent generation of 
oxygen gas-filled voids [91, 92, 98, 99]. Thus, the current density plateau is related 
to the oxidation of copper and subsequent generation of oxygen gas-filled voids. The 
generated oxygen gas-filled voids within the barrier layer have impeded ionic 
migration, which counteracted the increasing current density during initiation of 
pores in the anodic film, leading to levelling off of the current density between 18 
and 23 s. Later, the film growth proceeded to the steady-state growth of the major 
pores and the current density tended to be stable.  
 
Similar film morphology, except for the outer ~80 nm, is revealed for both 
mechanically polished and alkaline etched alloy after anodising in tartaric-sulphuric 
acid for 180 s, suggesting that the copper-enriched layer developed during alkaline 
etching only influences the early stages of anodising. The reduced current density for 
anodising alkaline etched alloy is attributed mainly to the reduced population density 
of intermetallic particles on etched surface.  
 
7.3.3.2. Comparison of barrier-type anodic film growth 
As suggested previously, preferential oxidation of intermetallic particles on 
mechanically polished alloy in early stages of anodising in ammonium pentaborate 
accounts for the voltage plateau between 12 and 20 V (Figure 7.29). Thus, the 
absence of such voltage plateau during anodising alkaline etched alloy to similar 
voltages suggests considerable removal of intermetallic particles from the alloy 
surface by alkaline etching. The reduction in the slope of the voltage rise (1.7 and 
2.0 V/s for alkaline etched and mechanically polished alloy respectively) during the 
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major linear period of film growth on alkaline etched alloy coincides with the 
increased population density of oxygen gas-filled voids within the anodic film 
(Figure 7.31), suggesting that generation of oxygen gas-filled voids accounts for the 
reduction of current efficiency. Voltage rise of alkaline etched alloy departed from 
the major linear rise at about 150 V, which is about 50 V below that of mechanically 
polished alloy. The decay of current efficiency at this stage has been related to 
rupture of the oxygen gas-filled voids within film material. Therefore, it is suggested 
that oxygen gas-filled voids within the anodic film formed on alkaline etched alloy 
ruptured earlier than mechanically polished alloy. After rupture of the oxygen 
gas-filled voids, the slopes of the voltage rise for both conditions are the same (1.6 
V/s), suggesting that the effect of alkaline etching on the anodising behaviour of the 
alloy became less prominent after prolonged anodising.  
 
7.3.3.3. Effect of alkaline etching on anodising behaviour of the alloy 
According to previous discussion, it is clear that differences in anodising behaviour 
between mechanically polished and alkaline etched alloy in both electrolytes mainly 
arises from the removal of intermetallic particles from the alloy surface and the 
pre-developed copper-enriched layer in the alloy matrix immediately beneath the 
residual alumina film, during alkaline etching. The reduced amount of intermetallic 
particles is responsible for the reduced current density during the constant voltage 
anodising and for the absence of voltage plateau in early stages of the constant 
current density anodising, implying an enhanced anodising efficiency of alkaline 
etched alloy. The pre-developed copper-enriched layer in the near-surface region of 
alkaline etched alloy is responsible for the 5 s current density levelling off for the 
constant voltage anodising. Such pre-developed copper-enriched layer may 
contribute to decreases in anodising efficiency of alkaline etched alloy, however, it 
has been indicated that the effect of the copper-enriched layer on anodising 
behaviour is confined only to the early stages, since similar copper-enriched layer 
has also developed on mechanically polished alloy soon after the commencement of 
anodising. 
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The effect of alkaline etching on the anodising behaviour of the alloy is the 
combined effects associated with the removal of intermetallic particles and the 
pre-developed copper-enriched layer. However, such effects are believed not to be 
significant for industry anodising where the anodising time is relatively long and the 
effect of near-surface microstructure can be negligible. Therefore, practically, the 
major function of alkaline etching appears to be cleaning the alloy surface and 
controlling the optical property of finished products.  
7.4. Summary 
Anodising AA 2099-T8 aluminium alloy in tartaric-sulphuric acid reveals a 
dependence of the anodic film morphology and composition on the anodising 
voltage. It is revealed that copper in the alloy matrix can be occluded in the anodic 
film material as copper-rich nanoparticles or it can be oxidized and incorporated into 
the film material as copper ions, depending on the anodising voltage. A relatively 
fine porous anodic film, with well-defined cells, was observed at relatively low 
voltages, with copper-rich nanoparticles occluded in the film material. Pores of 
increased dimensions, with lateral porosity, were observed at increased voltages. The 
oxidation of copper is responsible for the additional lateral porosity in the anodic 
film. Further, lattice images of copper-rich nanoparticles indicate that they have 
structures consistent with either θ′′, θ′ or θ phases, regardless of their locations in 
anodic films.  
 
In comparison with the alloy matrix, constituent particles and dispersoids present in 
AA 2099-T8 aluminium alloy display different anodising behaviour during anodising 
in tartaric-sulphuric acid. The low-copper-containing particles anodise at about 
one-half of the rate of the alloy matrix, forming a highly porous anodic oxide above 
the particles, with residual particles protruding into the porous anodic film at the 
film/alloy interface. The high-copper-containing particles oxidise much faster than 
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the alloy matrix, without formation of a stable oxide, generating cavities in the bulk 
anodic alumina film. The Al-Cu-Mn-Li dispersoids oxidise slightly slower than the 
alloy matrix, forming a less regular porous anodic oxide compared with the bulk 
anodic alumna film. The β ′ (Al3Zr) dispersoids anodise at about the same rate of the 
alloy matrix, with negligible modification on the morphology of the bulk anodic 
alumina film. 
 
Barrier-type amorphous anodic films formed on mechanically polished AA 2099-T8 
aluminium alloy in 0.1 M ammonium pentaborate electrolyte at a current density of 
5 mA / cm2 to selected voltages at 293 K contain oxygen gas-filled voids, with 
increased population density in films formed to relatively higher voltages. Residual 
copper-rich nanoparticles, 1-2 nm in diameter, are revealed in the vicinity of oxygen 
gas-filled voids within the anodic film. The residual copper-rich nanoparticles are 
associated with incomplete oxidation of copper-rich nanoparticles, typically ~5 nm 
in diameter. The copper-rich nanoparticles develop in the copper-enriched layer and 
gradually protrude into the anodic film at the film/alloy interface. With subsequent 
oxidation of the nanoparticles and formation of copper-rich oxide, oxygen is then 
produced at the copper-rich oxide/alumina interface close to the oxidised 
nanoparticles. 
 
The removal of intermetallic particles from the surface of the alloy by alkaline 
etching is responsible for the reduced current density under the constant voltage 
anodising condition, and for the absence of voltage plateau under the constant 
current density condition. The pre-developed copper-enriched layer as a consequence 
of alkaline etching advances the establishment of the steady-state film/alloy 
interfaces. Generally, the effect of alkaline etching on the anodising behaviour of the 
alloy is limited, in contrast with cleaning the alloy surface and controlling the optical 
properties of finished products.  
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Table 7.1: EDX analyses at locations indicated in Figures 2 and 3 (wt. %). 
No.  Al  Fe  Mn  Cu O S 
1 55.2 10.2 7.1 27.5 - - 
2 54.7 10.1 7.3 27.9 - - 
3 55.8 14.1 7.6 22.5 - - 
4 76.7 11.3 7.3 4.7 - - 
5 61.5 12.9 12.3 13.3 - - 
6 65.4 10.8 11.2 12.6 - - 
7 59.2 8.5 9.3 23.0 - - 
8 69.3 10.6 6.7 13.4 - - 
9 61.7 11.3 7.5 19.5 - - 
10 75.2 12.7 8.0 4.1 - - 
11 74.3 13.6 8.1 4.0 - - 
12 81.1 8.9 5.6 4.4 - - 
13 84.9 3.5 4.1 7.5 - - 
14 71.7 13.6 10.5 4.2 - - 
15 69.7 13.7 11.9 4.7 - - 
16 81.9 5.2 5.8 7.1 - - 
17 43.4 9.3 5.3 12.6 28.0 1.4 
18 70.2 13.4 9.4 3.3 3.7 <1 
19 53.5 9.3 7.9 7.3 20.3 1.7 
20 72.2 11.1 9.3 3.6 3.8 <1 
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Table 7.2: EDX analyses at locations indicated in Figures 4 and 5 (wt. %). 
No. Al  Fe  Mn  Cu O S 
1 67.8 10.6 10.8 10.8 - - 
2 65.4 14.7 12.0 7.9 - - 
3 66.2 13.3 10.7 9.8 - - 
4 73.1 8.6 7.5 10.8 - - 
5 86.7 3.2 1.8 8.3 - - 
6 76.1 8.0 3.9 12.0 - - 
7 77.9 10.3 7.1 4.7 - - 
8 70.6 13.5 10.2 5.7 - - 
9 70.6 14.2 10.2 5.0 - - 
10 57.6 13.4 7.9 21.1 - - 
11 62.9 10.2 3.5 23.44 - - 
12 76.8 12.0 6.8 4.4 - - 
13 73.9 13.6 8.3 4.2 - - 
14 45.4 2.8 3.2 1.9 45.0 1.7 
15 68.6 0 0 2.1 28.3 1.0 
16 58.2 12.6 8.6 4.2 16.1 <1 
17 59.0 10.6 7.2 3.8 18.8 <1 
18 61.5 9.3 5.9 3.3 19.5 <1 
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Figure 7.1. Current density-voltage response recorded during potentiodynamic 
anodising of mechanically polished AA 2099-T8 aluminium alloy in 
tartaric-sulphuric acid from the OCP to 12 V (SCE).  
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Figure 7.2. Transmission electron micrographs of an ultramicrotomed section of 
mechanically polished AA 2099-T8 aluminium alloy after anodising in 
tartaric-sulphuric acid from the OCP to 12 V (SCE) at a sweep rate of 1 V/min: (a) 
bright field image; (b) HAADF image. 
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Figure 7.3. HAADF images of the ultramicrotomed sections of mechanically 
polished AA 2099-T8 aluminium alloy after anodising in tartaric-sulphuric acid from 
the OCP to 12 V (SCE) at a sweep rate of 1 V/min. 
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Figure 7.4. Transmission electron micrographs of an ultramicrotomed section of 
mechanically polished AA 2099-T8 aluminium alloy after anodising in 
tartaric-sulphuric acid from the OCP to 3 V (SCE) at a sweep rate of 0.03 V/min: (a) 
bright field image; (b) HAADF image; (c) framed area A; and (d) framed area B. 
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Figure 7.4. Continued. 
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Figure 7.5. Transmission electron micrographs of an ultramicrotomed section of 
mechanically polished AA 2099-T8 aluminium alloy after anodising at 14 V in 
tartaric-sulphuric acid at 310 K: (a) bright field image; (b) HAADF image. 
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Figure 7.6. (a) Lattice image of a copper-rich nanoparticle in the outer regions of the 
anodic film shown in Figure 7.2; and (b) corresponding characterised Fast Fourier 
Transformation (FFT) pattern. 
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Figure 7.7. (a) Lattice image of copper-rich nanoparticles in the film/alloy interface 
regions of the anodic film shown in Figure 7.2; and corresponding characterised Fast 
Fourier Transformation (FFT) patterns generated from the copper-rich nanoparticles 
(b) occluded in the film material and (c) attached to film/alloy interface. 
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Figure 7.8. Lattice images of copper-rich nanoparticles: (a-c) in different regions of 
the anodic film shown in Figure 7.2; and (d) in the anodic film shown in Figure 7.4. 
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Figure 7.9. (a) A backscattered electron micrograph of mechanically polished alloy; 
(b) a secondary electron micrograph of the same area after anodising at 14 V in 
tartaric-sulphuric acid at 310 K for 5 s; and (c) a transmission electron micrograph of 
an ultramicrotomed cross section of the anodised alloy. 
 
100 µm 
1 
2 
3 
4 
5 
6 7 
8 
9 
10 
11 
13 14 
15 
16 
12 
(a)  
(c)  
100 µm 
(b)  
17 
18 
 
Chapter 7: Anodising AA 2099-T8 Aluminium Alloy  
 240 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.10. Secondary electron micrographs of the alloy after anodising at 14 V in 
tartaric-sulphuric acid at 310 K for 5 s, imaged at an accelerating voltage of: (a) 20 
kV; and (b) 5 kV. 
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Figure 7.11. (a) A backscattered electron micrograph of mechanically polished alloy; 
(b) a secondary electron micrograph of the same area after anodising at 14 V in 
tartaric-sulphuric acid at 310 K for 180 s; and (c) a transmission electron micrograph 
of an ultramicrotomed cross section of the anodised alloy.
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Figure 7.12. Secondary electron micrographs of the alloy after anodising at 14 V in 
tartaric-sulphuric acid at 310 K for 180 s imaged at an accelerating voltage of (a) 20 
kV and (b) 5 kV. 
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Figure 7.13. Secondary ((a), (b) and (d)) and backscattered ((c) and (e)) electron 
micrographs of ultramicrotomed cross-section blocks of mechanically polished AA 
2099-T8 aluminium alloy after anodising in tartaric-sulphuric acid from the OCP to 
7.5 V (SCE) at a sweep rate of 0.03 V/min.  
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Figure 7.13. Continued. 
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Figure 7.14. (a) As Figure 7.13 (a) but at a different location; (b) and (c) show secondary and 
backscattered electron micrographs of the framed region in (a) at an increased magnification.   
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Figure 7.15. Transmission electron micrographs of ultramicrotomed sections of 
mechanically polished AA 2099-T8 aluminium alloy after anodising in 
tartaric-sulphuric acid from the OCP to 12 V (SCE) at a sweep rate of 1 V/min. 
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Figure 7.16. (a) A transmission electron micrograph of an ultramicrotomed section of 
mechanically polished AA 2099-T8 aluminium alloy after anodising in 
tartaric-sulphuric acid from the OCP to 3 V (SCE) at a sweep rate of 0.03 V/min; (b) 
a lattice image of an oxidised Al3Zr dispersoid. 
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Figure 7.17. Voltage-time response for anodising mechanically polished AA 2099-T8 
aluminium alloy at a current density of 5 mA/ cm2 in 0.1 M ammonium pentaborate 
at 293 K. Inset shows low voltage end at an increased magnificaiton. 
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Figure 7.18. Secondary electron micrographs of mechanically polished AA 2099-T8 
aluminium alloy extrusion after anodising to (a-d) 20 V and (e-f) 250 V at a current 
density of 5 mA/ cm2 in 0.1 M ammonium pentaborate electrolyte at 293 K.  
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Figure 7.19. (a) A transmission electron micrograph of an ultramicrotomed section of 
mechanically polished AA 2099-T8 aluminium alloy after anodising to 20 V at a 
current density of 5 mA/ cm2 in 0.1 M ammonium pentaborate at 293 K; (b) the 
framed region in (a) at an increased magnificaiton. 
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Figure 7.20. Transmission electron micrographs of ultramicrotomed sections of 
mechanically polished AA 2099-T8 aluminium alloy after anodising to 100 V at a 
current density of 5 mA/ cm2 in 0.1 M ammonium pentaborate at 293 K. 
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Figure 7.21. (a) A transmission electron micrograph of an ultramicrotomed section of 
mechanically polished AA 2099-T8 aluminium alloy after anodising to 250 V at a 
current density of 5 mA/ cm2 in 0.1 M ammonium pentaborate at 293 K; (b) the 
framed region in (a) at an increased magnification. 
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Figure 7.22. HAADF images of ultramicrotomed sections of mechanically polished 
AA 2099-T8 aluminium alloy after anodising to 100 V at a current density of 5 mA/ 
cm2 in 0.1 M ammonium pentaborate at 293 K. 
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Figure 7.23. HAADF images of an ultramicrotomed section of mechanically 
polished AA 2099-T8 aluminium alloy after anodising to 250 V at a current density 
of 5 mA/ cm2 in 0.1 M ammonium pentaborate at 293 K. 
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Figure 7.24. Lattice images of mechanically polished AA 2099-T8 aluminium alloy 
after anodising to 100 V at a current density of 5 mA/ cm2 in 0.1 M ammonium 
pentaborate at 293 K. 
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Figure 7.25. Comparison of current density-time responses recorded during 
anodising mechanically polished and alkaline etched AA 2099-T8 aluminium alloy 
at a constant voltage of 14 V in tartaric-sulphuric acid at 310 for 3 minutes. 
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Figure 7.26. Transmission electron micrographs of the cross sections of: (a) 
mechanically polished; and (b) alkaline etched AA 2099-T8 aluminium alloy after 
anodising at 14 V in tartaric-sulphuric acid at 310 for 5 s. 
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Figure 7.27. Transmission electron micrographs of the cross sections of: (a) 
mechanically polished; and (b) alkaline etched AA 2099-T8 aluminium alloy after 
anodising at 14 V in tartaric-sulphuric acid at 310 for 20 s. 
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Figure 7.28. Transmission electron micrographs of the cross sections of: (a) 
mechanically polished; and (b) alkaline etched AA 2099-T8 aluminium alloy after 
anodising at 14 V in tartaric-sulphuric acid at 310 for 180 s. 
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Figure 7.29. (a) Ccomparison of the voltage-time responses recorded during 
anodising mechanically polished and alkaline etched AA 2099-T8 aluminium alloy 
to 250 V at a constant current density of 5 mA/cm2 in ammonium pentaborate at 293 
K; and (b) the framed region in (a) at an increased magnification. 
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Figure 7.30. Transmission electron micrographs of the cross sections of: (a) 
mechanically polished; and (b) alkaline etched AA 2099-T8 aluminium alloy after 
anodising to 20 V at a constant current density of 5 mA/cm2 in ammonium 
pentaborate at 293 K. 
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Figure 7.31. Transmission electron micrographs of the cross sections of: (a) 
mechanically polished; and (b) alkaline etched AA 2099-T8 aluminium alloy after 
anodising to 100 V at a constant current density of 5 mA/cm2 in ammonium 
pentaborate at 293 K. 
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Figure 7.32. Transmission electron micrographs of the cross sections of: (a) 
mechanically polished; and (b) alkaline etched AA 2099-T8 aluminium alloy after 
anodising to 250 V at a constant current density of 5 mA/cm2 in ammonium 
pentaborate at 293 K. 
(b)  
(a)  
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8. Flaw Detection Using Anodising  
In the aerospace industry, chromic acid anodising (CAA) has been widely employed 
to detect flaws, such as cracks, corrosion attack and machining damage, in 
aluminium products.  
 
Yellow brown stains are revealed at sites of cracks after CAA, and dark grey 
lines/blotches at sites of corrosion attack [166]. Such surface appearances enhance 
the visibility of cracks and corrosion attack by endowing them with contrasting 
colours and, thereby, improve the probability of detection of flaws, which may not 
be detected without such treatment, in finished components on production lines. The 
associate mechanism is related to ingress of chromic acid at the sites of cracks or 
corrosion attack during anodising and egress of the trapped chromic acid after 
anodising.  
 
The machining damage, e.g. overheating, is usually revealed as a darker area after 
CAA [166]. However, ingress of chromic acid is impossible in most of the cases, 
since overheated regions are not necessarily surface discontinuities and, therefore, 
can not accommodate chromic acid like cracks or corrosion pits. Thus, a different 
mechanism, which is not clear so far, is responsible for the detection of machining 
damage using CAA.  
 
Of particular importance, substituting tartaric-sulphuric acid anodising (TSAA) for 
CAA may challenge the normal practice of using anodising as a flaw detection 
method since the tartaric-sulphuric acid is colourless. Owing to practical issues 
concerning substituting TSAA for CAA, this chapter studies the functions of TSAA 
and CAA in detecting machining damage and corrosion pits in several commercial 
aluminium alloys, with the mechanism of detection of machining damage using 
anodising being discussed. This chapter is logically linked to Chapter 7 but has a 
relatively independent content. 
Chapter 8: Flaw Detection Using Anodising 
 266 
8.1. Methodology 
8.1.1. Detection of machining damage 
AA 2099 and AA 2024 aluminium alloy plates were employed. A milling machine, 
fitted with a flat-headed steel bar that simulates a damaged cutting tool, was used to 
introduce machining damage onto the alloy plates. As shown in Figure 8.1 (a), the 
rotating steel bar moves forward from the left side of the plate, with a rotational 
speed of 2000 rpm, a linear speed of 2 mm/s and feeding of 0.5 mm. At the location 
about 20 mm away from the starting point, the rotating steel bar dwelled for about 30 
s to allow the alloy plate being overheated at a local site. An optical image of the 
treated alloy plate is displayed in Figure 8.2.  
 
The alloy plates with introduced machining damage were mechanically ground with 
800, 1200 and 4000 grit silicon carbide paper to completely remove the macroscopic 
features left by the tool. The plates were then rinsed with deionised water and dried 
in a cold air stream. The appearances of the plates were recorded with a digital 
camera, with an observing angle of about 45°, under natural lighting condition. 
 
For anodising, the plates were masked with lacquer, with the overheated regions 
exposed to the anodising electrolytes. Following masking, the lacquer was allowed 
to cure in air for at least 24 h. TSAA and CAA were performed according to standard 
industrial conditions, as described in Chapter 3. The anodised plates were then 
briefly rinsed with deionised water and dried in a cold air stream. The appearances of 
the plates after anodising was also recorded with a digital camera, with an observing 
angle of about 45°, under natural lighting condition. 
 
In order to investigate the effect of lighting condition on the appearances of the 
anodised alloy plates, a special device (Figure 8.2) was employed to simulate an 
enhanced lighting condition, where two fluorescent lamps provide additional light. 
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The glass screen in the middle of the device allows top views of samples. 
8.1.2. Detection of corrosion pits 
Machined AA 2024 and AA 7150 aluminium alloy plates were ultrasonically cleaned 
in acetone bath for 10 min, and then rinsed in deionised water and dried in a cold air 
stream. This is regarded as the as-received condition. The appearances of the cleaned 
alloy plates were recorded using a digital camera, with an observing angle of about 
45°, under natural lighting condition. 
 
Subsequently, the cleaned alloy plates were immersed in a 3.5 wt. % NaCl solution 
for 180 and 150 min for AA 2024 and AA 7150 aluminium alloy respectively to 
introduce corrosion pits onto the alloy plates. The immersed alloy plates were then 
rinsed in deionised water and dried in a cold air stream. The appearances of the 
immersed alloy plates were recorded using a digital camera, with an observing angle 
of about 45°, under natural lighting condition. 
 
Following immersion, the alloy plates were anodised in tartaric-sulphuric acid and 
chromic acid respectively as described in section 8.1.1. The anodised plates were 
then briefly rinsed with deionised water and dried in a cold air stream. The 
appearances of the anodised alloy plates were again recorded with a digital camera, 
with an observing angle of about 45°, under natural lighting condition. 
 
The surfaces of all the immersed and anodised alloy plates were examined using an 
optical microscope to reveal detailed changes in surface morphologies. 
8.2. Detection of machining damage 
Figures 8.3 (a) and (b) show current density-time responses (curves in blue) recorded 
during anodising the AA 2099 aluminium alloy in tartaric-sulphuric acid and 
chromic acid respectively, with the voltage-time curves superimposed in the same 
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graphs (curves in black). The electric charge is 9.1 C and 8.8 C for TSAA and CAA 
respectively.  
 
An optical image of AA 2099 aluminium alloy plate after mechanical polishing to 
4000 grit is shown in Figure 8.4. A circular dark area (indicated by the green arrow), 
with the diameter similar to that of the steel bar, is revealed at the site where the tool 
dwelled, corresponding to the overheated regions. Besides, a relatively large dark 
ring (indicated by the red arrow) is also revealed around the circular dark area, 
representing the transient regions between the overheated region and remote regions. 
The appearance of the same alloy plate after anodising in tartaric-sulphuric acid is 
displayed in Figure 8.4 (b). Compared with Figure 8.4 (a), a relatively darker 
appearance is evident, suggesting a reduced surface gloss. Furthermore, the circular 
dark area is now revealed as a dark ring. 
 
The optical images of the alloy plate after mechanical polishing to 4000 grit and 
after subsequent anodising in chromic acid are shown in Figures 8.5 (a) and (b) 
respectively. Again, the overheated region (indicated by the green arrow) and the 
transient regions (indicated by the red arrow) are revealed on the mechanically 
polished surface. After anodising, both the bulk alloy surface and the overheated 
region get darker. Obviously, the overheated region is now better revealed. 
 
Figure 8.6 compares the surface appearances of the alloy plate after normal 
mechanical polishing (Figure 8.6 (a)) and after subsequent mirror finishing (Figure 
8.6 (b)). Interestingly, the overheated region and the transient regions are clearly 
revealed in Figure 8.6 (a), as indicated by the green and red arrows, but disappear in 
Figure 8.6 (b). When the mirror-finished surface is re-polished to 4000 grit, the 
characteristic regions appear again, suggesting that surface gloss intrinsically affects 
the visibility of the overheated region and the surrounding transient regions. 
 
In order to compare the effect of TSAA and CAA on the visibility of machining 
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damage, a mechanically polished plate and plates after TSAA and CAA were viewed 
together. The machining damage is clearly revealed for all the alloy plates when an 
observing angle of 45° was used (Figure 8.7 (a)). In contrast, when the observing 
angle was changed to 90°, the visibility of the machining damage almost disappeared 
on mechanically polished plate; significantly decreased after TSAA; and remained 
after CAA (Figure 8.7 (b)). This suggests that the observing angle affects the 
visibility of machining damage in mechanically polished alloy plate and the alloy 
plate after TSAA; however, the visibility of the machining damage in the alloy plate 
after CAA is less affected by the observing angle. 
 
In order to further investigate the influence of the lighting condition on the visibility 
of the machining damage, Figure 8.8 compares the appearance of the alloy plates 
after mechanical polishing, TSAA and CAA, with observing angles of 45° and 90°, 
under an enhanced lighting condition. The machining damage is invisible in 
mechanically polished alloy, with observing angles of both 45° and 90°. In contrast, 
the machining damage is clearly revealed in the alloy plates after both TSAA and 
CAA, regardless of the observing angles. This indicates that enhanced lighting can 
compromise the visibility of the machining damage in mechanically polished alloy 
plate, but improve the visibility of the machining damage in the alloy plate subjected 
to TSAA. 
 
All of the above experiments were repeated on an AA 2024 aluminium alloy, with 
the results shown in Figures 8.9, 8.10, 8.11, 8.12 and 8.13. The influence of TSAA 
and CAA, together with the influence of observing angle and lighting condition, on 
the visibility of the machining damage in the AA 2024 aluminium alloy is consistent 
with that of the AA 2099 aluminium alloy, suggesting that the compositional 
difference of the two alloys does not significantly influence the detection of 
machining damage in the alloy plates using anodising. 
 
A mechanically polished alloy plate with machining damage was further examined 
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using SEM. Figures 8.14 (a) and (b) show the secondary and corresponding 
backscattered electron micrographs of the overheated region, revealing polishing 
marks (indicated by red arrows) and dark features (indicated by green arrows) on the 
surface. The secondary and corresponding backscattered electron micrographs of the 
regions away from the overheated region are shown in Figures 8.14 (c) and (d) 
respectively. Again, similar polishing marks (indicated by red arrows) and dark 
features (indicated by green arrows) were observed. Scrutiny of Figures 8.14 (a) and 
8.14 (c) shows that polishing marks are deeper in the overheated region than remote 
regions, suggesting that the material of the overheated region is softer. The area 
fraction of the dark features calculated from Figure 8.14 (b) and (d) is ~41% and 
~27 % respectively, suggesting a higher population density of dark features on the 
overheated region. EDX line profile across dark features shown in Figure 8.14 (e) is 
displayed in Figure 8.14 (f), suggesting that the dark features are rich in oxygen. 
Such features are believed to be aluminium oxide which is cyclically generated from 
and smeared onto the alloy surface during mechanical polishing. 
8.3. Detection of corrosion pits 
The surface appearances of the as-received AA 2024 aluminium alloy plate, the alloy 
plate after immersion in a 3.5 wt. % NaCl solution for 180 min and after subsequent 
anodising in tartaric-sulphuric acid under typical industrial conditions are displayed 
in Figure 8.14. Compared with the as-received alloy plate (Figure 8.14 (a)), the 
surface of the immersed alloy plate (Figure 8.14 (b)) is darker, with fine corrosion 
pits visually discernable across the alloy surface. However, after subsequent 
anodising in tartaric-sulphuric acid (Figure 8.14 (c)), the surface of the alloy 
becomes slightly brighter than the immersed alloy plate but still darker than the 
as-received alloy plate, with corrosion pits not as evident as in Figure 8.14 (b). 
Similar phenomena were observed in the case of CAA, as shown in Figure 8.15. 
 
Optical micrographs of the surfaces of the immersed AA 2024 aluminium alloy and 
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the alloy after TSAA and CAA are compared in Figure 8.16. The approximately 
parallel lines and the darker patches (indicated by arrows) in Figure 8.16 (a) 
represent machining marks and induced corrosion pits respectively. After TSAA 
(Figure 8.16 (b)), both the machining marks and corrosion pits (indicated by arrows) 
remain, without evident changes in morphologies. However, the machining marks on 
the surface of the alloy after CAA (Figure 8.16 (c)) are less evident than those on the 
surface of the immersed alloy, and the corrosion pits are hardly discernable. Surface 
colours of the alloy after TSAA and CAA differ from that of the immersed alloy 
under the optical microscope, due to the formed anodic films that have changed the 
optical property of the alloy surfaces. Colour difference in Figure 8.16 (c) arises 
from the effects of grain orientations.  
 
Figures 8.17, 8.18 and 8.19 show results obtained from an AA 7150 aluminium alloy, 
revealing similar phenomena to the AA 2024 aluminium alloy.   
8.4. Discussion  
8.4.1. Detection of machining damage 
Machining damage introduced in aluminium alloy plates is revealed as dark areas 
when the alloy plates are mechanical polished to 4000 grit. However, the visibility of 
the machining damage in the mechanically-polished plates strongly depends on the 
observing angle and lighting condition. Specifically, under natural lighting condition, 
the machining damage becomes invisible when the observing angle is changed from 
~45° to ~90°; under enhanced lighting condition, the machining damage is invisible 
with any observing angles. When the mechanically polished plates are 
mirror-finished, the machining damage is completely invisible, regardless of the 
observing angle and lighting condition. TSAA slightly reduces surface gloss and 
enhances the visibility of machining damage. After TSAA, the visibility of the 
machining damage still strongly depends on observing angle under natural lighting 
condition. However, with proper lighting, the machining damage can be readily 
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observed regardless of the observing angle. CAA significantly reduces surface gloss 
and enhances the visibility of machining damage in the alloy plates. After CAA, the 
machining damage is readily observed, with its visibility independent of the 
observing angle and lighting condition. 
 
It has been indicated that the surface gloss is the key factor influencing the visibility 
of machining damage in aluminium alloys. Surface gloss is considered to be the 
amount of incident light that is reflected at the specular reflectance angle of the mean 
of that surface [167]. Therefore, specular gloss is proportional to the reflectance of 
the surface. Since the overheated metal material tends to be softer than the bulk alloy, 
deeper polishing marks are likely to be left on the surfaces of the overheated region 
than the bulk alloy during mechanical polishing. For this reason, more smears are 
expected on the overheated region than the bulk alloy surface, as suggested by the 
area fraction analysis of the aluminium oxide. Consequently, the surface roughness 
should be larger in the overheated region than the surrounding bulk alloy and, 
therefore, the specular reflectance on the surface of the overheated region is less than 
that on the surface of the bulk alloy. This explains why the overheated regions are 
revealed as dark areas after mechanical polishing to 4000 grit. After mirror-finishing, 
however, polishing marks and attached smears are reduced to minimum levels. In 
this case, the specular reflectance is overwhelmingly strong, though it still can be 
different on the surface of the overheated region and the bulk alloy. However, the 
differences in surface gloss may be too small to be visually detected, explaining why 
the overheated region is invisible after mirror-finishing. 
 
After growth of a porous anodic film over the alloy substrate, the reflectance of the 
surface is determined not only by surface roughness but also by the anodic film. 
Generally, the amount of scattered light should be increased on the surfaces of 
anodised alloys due to the porous nature of the anodic films. Increased scattered light 
means increased diffuse reflection, with the latter making the object visible to the 
naked eye. This explains why the visibility of the machining damage is generally 
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improved after anodising. Further, the nature of the anodic films themselves may 
influence optical property of anodised surfaces. The anodic film formed in 
tartaric-sulphuric acid is transparent [168]. As a result, the incident light is partially 
reflected at the film/air interface and partially at the film/alloy interface, and the two 
proportions of the reflected light must interact with each other. Enhanced lighting 
can influence the interaction of the reflected light and, consequently, improve the 
visibility of machining damage in alloy plates. The anodic film formed in chromic 
acid is opaque [168]. This means that the incident light is partially reflected at the 
film/air interface and partially adsorbed by the film material. The adsorption of the 
incident light significantly reduces surface gloss, enabling the appearance of the 
anodised surface less dependent on the observing angles.  
 
In summary, excessive frictional heating locally changes microstructure of the alloy, 
leading to reduced hardness of the overheated region compared with remote regions. 
The softening of the alloy material results in deeper polishing marks and increased 
amount of smears in the overheated region and, consequently, reduced surface gloss. 
The reduction of surface gloss makes the overheated region have a relative dark 
appearance. The growth of anodic films over macroscopic alloy surfaces keeps 
general topography of alloy surfaces but alters optical property of the alloy surfaces 
by forming a porous oxide film, which increases the overall diffuse reflection of the 
alloy surface, enabling residual surface features to be more visible to the naked eye.   
8.4.2. Detection of corrosion pits 
Fine and uniformly-distributed corrosion pits are introduced onto the AA 2024 and 
AA 7150 aluminium alloy plates after immersion in a 3.5 wt. % NaCl solution. 
TSAA and CAA subsequently reduced the visibility of the corrosion pits, with the 
effect of CAA much stronger than TSAA due to increased aggressiveness of the 
former compared with the latter. Since anodising can generally smooth the 
macroscopic alloy surface, as also suggested by the reduced visibility of machining 
marks and the occurrence of grain orientation effects on the surface of the alloy 
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plates after anodising, it is inferred that both TSAA and CAA has removed the 
corrosion pits that were introduced by immersion in the NaCl solution. No anodising 
electrolyte could be trapped at the locations of the removed pits in this circumstance 
and, therefore, detecting of such pits using anodising was not successful.  
8.4.3. Application consideration 
The results indicate that the overheated region is revealed as dark area due 
essentially to the topography of alloy surfaces. The improved visibility of the 
overheated region after anodising is ascribed to the overlying porous oxide film 
material. The degree of the improvement is generally related to the transparency of 
oxide films, with relatively less transparent anodic film (e.g. CAA film) more 
efficient than transparent anodic film (e.g. TSAA film). However, proper lighting can, 
to certain extent, to compensate the disadvantage of transparent anodic film. 
Therefore, it is implied by the present work that machining damage in aluminium 
alloys still can be checked through anodising treatment in the electrolyte (e.g. tartaric 
sulphuric acid) which does not necessarily have a characteristic colour. This will 
overcome the great difficulty of the aerospace industry that there has not been an 
effective way to massively check machining damage in produced components if 
CAA is replaced by more environmentally-friendly process like TSAA, even if a 
penetration flaw detection (PFD) facility is invested.   
8.5. Summary  
Overheated regions in aluminium alloy plate are revealed as dark areas not only after 
chromic acid anodising (CAA) but also after tartaric-sulphuric acid anodising 
(TSAA) and mechanical polishing, providing that appropriate observing angles and 
light conditions are employed. Growth of porous anodic films on the alloy surface 
increases scattered light or diffuse reflection of the alloy surface, enabling improved 
visibility of machining damage in aluminium alloy plates. CAA is generally more 
effective than TSAA in detecting machining damage. However, with proper lighting 
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condition, it is possible to replace CAA with TSAA for detecting machining damage 
in aluminium alloys. 
 
Neither the chromic acid anodising nor tartaric-sulphuric acid anodising can be used 
for detecting shallow corrosion pits in surfaces of aluminium alloys.   
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Figure 8.1. (a) Picture of the device employed to introduce machining damage onto 
alloy plates; and (b) top view of an alloy plate with introduced machining damage.  
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Figure 8.2. Picture of the device employed to provide enhanced lighting. 
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Figure 8.3. Voltage-time and current density-time responses recorded during 
anodising AA 2099 aluminium alloy in: (a) tartaric-sulphuric acid; and (b) chromic 
acid according to industrial standards. 
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Figure 8.4. Comparison of the surface appearance of an AA 2099 aluminium alloy 
plate containing machining damage: (a) after mechanical polishing to 4000 grit; and 
(b) after TSAA.  
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Figure 8.5. Comparison of the surface appearance of an AA 2099 aluminium alloy 
plate containing machining damage: (a) after mechanical polishing to 4000 grit; and 
(b) after CAA. 
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Figure 8.6. Comparison of the surface appearance of an AA 2099 aluminium alloy 
plate containing machining damage: (a) after mechanical polishing to 4000 grit; and 
(b) after mirror finishing. 
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Figure 8.7. Comparison of the surface appearance of AA 2099 aluminium alloy 
plates after mechanical polishing, TSAA and CAA, under normal lighting condition, 
with observing angles of: (a) 45°; and (b) 90°. 
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Figure 8.8. Comparison of the surface appearance of AA 2099 aluminium alloy 
plates after mechanical polishing, TSAA and CAA, under enhanced lighting 
condition, with observation angles of: (a) 45°; and (b) 90°. 
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Figure 8.9. Comparison of the surface appearance of an AA 2024 aluminium alloy 
plate containing machining damage: (a) after mechanical polishing to 4000 grit; and 
(b) after TSAA.   
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Figure 8.10. Comparison of the surface appearance of an AA 2024 aluminium alloy 
plate containing machining damage: (a) after mechanical polishing to 4000 grit; and 
(b) after CAA. 
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Figure 8.11. Comparison of the surface appearance of an AA 2024 aluminium alloy 
plate containing machining damage: (a) after mechanical polishing to 4000 grit; and 
(b) after mirror finishing. 
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Figure 8.12. Comparison of the surface appearance of AA 2024 aluminium alloy 
plates after mechanical polishing, TSAA and CAA, under normal lighting condition, 
with observing angles of: (a) 45°; and (b) 90°. 
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Figure 8.13. Comparison of the surface appearance of AA 2024 aluminium alloy 
plates after mechanical polishing, TSAA and CAA, under enhanced lighting 
condition, with observing angles of: (a) 45°; and (b) 90°. 
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Figure 8.14. (a) Secondary and (b) backscattered electron micrograph of the 
overheated region after mechanical polishing; (c) Secondary and (d) backscattered 
electron micrograph of remote regions after mechanical polishing; (e) as (a) but at an 
increased magnification; and (f) EDX line profiles of aluminium and oxygen across 
the arrow in (e). 
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Figure 8.15. Comparison of the surface appearance of an AA 2024 aluminium alloy 
plate: (a) as-received; (b) after immersion in a 3.5 wt. % NaCl solution for 180 min; 
and (c) as (b) but after TSAA. 
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Figure 8.16. Comparison of the surface appearances of an AA 2024 aluminium alloy 
plate: (a) as-received; (b) after immersion in a 3.5 wt. % NaCl solution for 180 min; 
and (c) as (b) but after CAA. 
 
 
(a) 
(b) 
(c) 
Chapter 8: Flaw Detection Using Anodising 
 292 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.17. Optical micrographs of AA 2024 aluminium alloy plates: (a) after 
immersion in a 3.5 wt. % NaCl solution for 180 min; (b) as (a) but after TSAA; and 
(c) as (a) but after CAA. 
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Figure 8.18. Comparison of the surface appearance of an AA 7150 aluminium alloy 
plate: (a) as-received; (b) after immersion in a 3.5 wt. % NaCl solution for 180 min; 
and (c) as (b) but after TSAA. 
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Figure 8.19. Comparison of the surface appearances of an AA 7150 aluminium alloy 
plate: (a) as-received; (b) after immersion in a 3.5 wt. % NaCl solution for 180 min; 
and (c) as (b) but after CAA. 
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Figure 8.20. Optical micrographs of AA 7150 aluminium alloy plates: (a) after 
immersion in a 3.5 wt. % NaCl solution for 180 min; (b) as (a) but after TSAA; and 
(c) as (a) but after CAA. 
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9. Main conclusions 
9.1. Conclusions 
Microstructural characterisation of AA 2099-T8 aluminium alloy has revealed 
elongated grains with high angle grain boundaries and approximately equiaxed 
subgrains with low angle grain boundaries. The constituent particles in the alloy 
mainly contain Al, Fe, Mn, and Cu, and fall into two groups of high and reduced 
contents of copper. The high-copper-containing and low-copper-containing phases 
are present individually or together in the form of multiphase particles. In the latter 
case, the high-copper-containing phase appears in the central region of the 
multiphase particle and the low-copper-containing phase in the peripheral region. 
The alloy also contains rod-like Al-Cu-Mn-Li and spherical β ′ (Al3Zr) dispersoids. 
Moreover, fine age hardening precipitates of T1 (Al2CuLi), δ ′ (Al3Li) and 
θ ′ (Al2Cu) were observed within the alloy matrix, with T1 (Al2CuLi) phase also 
present at grain boundaries. 
 
Immersing AA 2099-T8 aluminium alloy in a 3.5 wt. % NaCl solution has revealed 
shallow cavities which originated from intermetallics and quickly became passivated, 
and localised corrosion which appeared in early stages of immersion and lasted for 
the course of testing. Concerning the latter, it is characterised by rings of corrosion 
product and hydrogen gas evolution at the attack site, with boundary attack 
developing on the surface and penetrating up to tens of micrometres from the surface 
into the alloy interior. Further, the attack site of such localised corrosion has been 
correlated to grains and subgrains with relatively high stored energy. Dissolution of 
T1 phase, probably by a dealloying process, is thought to be the mechanism of 
intergranular/intersubgranular corrosion. Attack of the alloy matrix leads to the 
formation of a copper-enriched layer at corrosion fronts. The corrosion fronts usually 
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have a scalloped or step-like morphology, suggesting transient states of 
crystallographic corrosion in the alloy matrix. 
 
Alkaline etching reduced the amount of intermetallic particles on the surface of AA 
2099-T8 aluminium alloy and led to the development of a copper-enriched layer in 
the alloy matrix immediately beneath the residual alumina film. Etching pits and 
grain boundary grooves on the surface of etched alloy resulted in reduced surface 
gloss and development of matt surface. A nanotexture developed gradually on the 
surface of the alloy with the progress of etching and was stabilised after a prolonged 
etching to about 120 s. Further, the evolution of the surface nanotexture has been 
correlated to the formation of copper-rich nanoparticles within the copper-enriched 
layer.  
 
The anodising behaviour of AA 2099-T8 aluminium alloy in tartaric-sulphuric acid 
has been investigated under potentiodynamic and potentiostatic conditions. It is 
revealed that copper in the alloy matrix can be occluded in the anodic film material 
as copper-rich nanoparticles or be oxidized and incorporated into the film material as 
copper ions, depending on the anodising voltage. A relatively fine porous anodic film, 
with well-defined cells, was observed in the film formed at relatively low voltages, 
with copper-rich nanoparticles occluded in the film material. Pores of increased 
dimensions, with lateral porosity, were observed in the film formed at increased 
voltages. The oxidation of copper, together with subsequent generation and rupturing 
of oxygen gas-fill filled voids in the anodic film, is responsible for the additional 
lateral porosity in the anodic film. Concerning the intermetallic particles, the 
Al-Fe-Mn-Cu particles containing relatively low level of copper oxidise more slowly 
than the alloy matrix, generating a highly porous anodic oxide. The Al-Fe-Mn-Cu 
particles of increased copper content are rapidly consumed when contacting the 
electrolyte, generating cavities in the anodic alumina films. The Al-Cu-Mn-Li 
dispersoids oxidise slightly slower than the alloy matrix, forming a porous anodic 
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film with irregular pores; the β ′ (Al3Zr) dispersoids anodise at a similar rate to the 
alloy matrix, with less effect on the morphology of the anodic film than 
Al-Fe-Mn-Cu constituent particles and Al-Cu-Mn-Li dispersoids.   
 
Barrier-type anodic films of different thicknesses were generated on the alloy in 
ammonium pentaborate to gain further insight into the process of copper-rich 
nanoparticle formation, their oxidation and consequent oxygen gas generation within 
the barrier layer of the porous anodic film. Consequently, oxygen gas-filled voids are 
revealed in the anodic films formed to relatively high voltages, with residual 
copper-rich nanoparticles of 1-2 nm diameter located in the vicinity of the voids. The 
residual copper-rich nanoparticles are associated with incomplete oxidation of 
copper-rich nanoparticles formed in the copper-enriched layer. The copper-rich 
nanoparticles protrude into the anodic film and subsequently oxidised at the 
film/alloy interface. Oxygen gas is then generated at the copper-rich oxide/alumina 
interface close to the oxidised nanoparticles. 
 
The effect of alkaline etching on anodising behaviour of the alloy was investigated 
by comparing the electrochemical responses and resultant anodic films associated 
with both mechanically polished and alkaline etched specimens. It is suggested that 
the removal of intermetallic particles improves anodising efficiency while the 
development of the copper-enriched layer advances the establishment of the 
steady-state film/alloy interface.  
 
Characterisation of the film/alloy interfaces of alkaline etched alloy and alloy after 
anodising under various conditions shows the presence of copper-rich nanoparticles 
in the copper-enriched layer, suggesting a nonuniform nature of the copper-enriched 
layer. Such copper-rich nanoparticles are responsible for surface nanotexture after 
alkaline etching, additional lateral porosity in porous anodic films and oxygen 
gas-filled voids in barrier-type anodic films. The structures of copper-rich 
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nanoparticles are consistent with either θ′′, θ′ or θ phases.  
 
Machining damage in aluminium alloys can be revealed as a darker area not only 
after chromic acid anodising (CAA) but also after tartaric-sulphuric acid anodising 
(TSAA) and mechanical polishing. Growth of porous anodic films on the alloy 
surface enhanced the visibility of machining damage. Neither CAA nor TSAA can be 
used for detecting shallow corrosion pits. 
9.2. Suggestions for future work 
From the results of present study, several aspects have arisen that will benefit from 
future work: 
 
 Considering that severe localised corrosion in AA 2099-T8 aluminium alloy 
tends to appear in grains and subgrains with increased stored energy, and the 
stored energy is equivalent to the population density of subgrain boundaries and 
dislocations, it is interesting to examine localised corrosion in the alloy with 
controlled microstructures. Firstly, two extruded rods of the same batch are 
solution-treated to obtain a relatively uniform microstructure. Then, one 
extruded rod is cold-worked and artificially aged while the other is only 
artificially aged. Since the cold-worked rod is expected to have an increased 
population density of subgrain boundaries and dislocations compared with the 
one without cold working, the proposed mechanism of the severe localised 
corrosion in AA 2099-T8 aluminium alloy can be verified by comparing the 
corrosion behaviour of the two extruded rods under the same corrosion 
conditions.  
 
 Considering that the copper-rich nanoparticles developed in boundary regions of 
the nanotextured cells after alkaline etching is comparable to those developed in 
boundary regions of the pore base after anodising, it is interesting to compare 
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the surface nanotexture resulted from alkaline etching with the morphology of 
the film/alloy interface formed during anodising. For observation of the latter, 
porous anodic films should be striped to expose the copper-enriched film/alloy 
interface. Such comparison will be beneficial for understanding of the formation 
mechanisms of the surface nanotexture and the copper-rich nanoparticles.       
 
 Concerning the structure of the copper-enriched layer and the formation 
processes of θ′′, θ′ and θ phases, it is valuable to etch or anodise model binary 
Al/Cu alloys of different concentrations. This can exclude influences of other 
alloying elements and avoid interference from precipitates that initially exist in 
the matrix of commercial alloys. 
 
 Finally, porous anodic film with highly-dispersed nanoparticles can be of 
interest for many applications such as catalysis and sensors [169, 170]. Porous 
anodic films with highly-dispersed silver or gold nanoparticles can be easily 
produced by anodising a silver- or gold-containing aluminium alloy under 
appropriate anodising conditions. Such films have a high specific surface, which 
is an important factor in achieving catalytic properties [170]. The occluded 
silver and gold nanoparticles, on the other hand, can be important for certain 
applications of catalysis and sensors [171- 174]. 
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